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Indium was irradiated with slow neutrons from a radium-beryllium source for a period of 
several months. A period of 45+3 days was produced quite strongly. It is shown that this 
period is produced when In"* captures a neutron to form In"*. The ratio of the activity of the 
long period to that of 54 minutes, due to In"*, is approximately the same as the isotope ratio 
In"3/In', The capture cross sections for the two processes are given by the relation oi13 


= 0.560115. 





INCE this laboratory had available a neutron 

source, consisting of 200 milligrams of radium 
and beryllium, it was thought worth while to see 
if long period radioactivities could be produced 
by slow neutron bombardment. The strength of a 
radium-beryllium source does not decrease appre- 
ciably with time, as does the activity of a radon 
beryllium source. It therefore provides an ideal 
tool for long period irradiations. Accordingly, a 
number of substances were placed in a large box 
suitably filled with paraffin, in the center of which 
was placed the neutron source. The irradiation 
commenced July 1, 1937 and has continued up 
to the present, except for short but rather 
frequent intervals, in which the neutron source 
was removed for other purposes. Of the sub- 
stances so far investigated, the most active is 
indium, which shows a long period of 45+3 days 
in addition to the well-known period of 54 
minutes. While this work was in progress Lawson 
and Cork! reported the discovery of an activity 
of 50-day period in indium which they ascribed 
to In‘, The relation between this work and the 
present paper will be discussed in more detail 
below. 


1 J. L. Lawson and J. M. Cork, Phys. Rev. 52, 531 (1937). 


IRRADIATION AND MEASUREMENT OF PERIODS 


The box used for irradiating the samples was 
26 cm high, 24 cm long, and 12 cm wide. The 
radium-beryllium source was placed in a small 
lead container in the center of the box. Two 
indium sheets 6X10 cm? and of a thickness of 
0.109 g/cm* were placed about 5 cm from the 
neutron source, the rest of the box being filled 
with paraffin. 

The first indium sample was removed after 80 
days intermittent irradiation. Its activity was 
measured by wrapping it around a Geiger- 
Miiller tube counter attached to an amplifier and 
a thyratron recording mechanism. The sensi- 
tivity of the counter system was measured before 
each measurement of the activity of the indium 
with the help of a standard uranium sample. 
The activity of the indium was then corrected 
for slight changes in counter sensitivity. Meas- 
urements on the activity of the sample did not 
commence until 5 minutes after it had been 
removed from the neutron source, so that the 
13-sec. period was not measured. The scale of 
two recording instruments used to measure the 
first sample would not follow at counting rates 
above 1000 per minute so that the early part of 
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the run could not be followed accurately. This 
defect was rectified when the second sample was 
measured, and the results will be discussed below. 

The activity of the sample was followed for 62 
days. It was found to decay with a period of 
42 days. The initial activity was 142 counts/min. 
above a background of 35 counts/min. so that it 
was easily measurable. The long period activity 
subtracted from the total, gave the short period 
activity a period of 505 min., with an extrapo- 
lated initial rate of about 10,000/min. In this 
calculation only those points were considered for 
which the counting rate was less than 1000/min. 
The short period could be followed for seven 
hours after the end of irradiation and there was 
no evidence indicating the existence of any 
intermediate periods. 

A second indium sample, identical with the 
first, was removed after 155 days irradiation. 
The activity of the sample was measured in the 
same manner as before, except that the recording 
mechanism was a “‘scale-of-eight”” counter fed by 
an amplifier of short time constant. The system 
was reliable for counting rates of 5000 per min., 
and probably missed only a small fraction of the 
counts at counting rates of 10,000 per min. 
Measurements were taken at half-hour intervals 
for a period of twenty hours. After the twelfth 
hour the activity was relatively constant at 
about 370 counts/min. above the background. 
This activity, measured from time to time over 
a long period was shown to decay with a period 
of 47 days. Subtracting the activity of the long 
period from the total activity only the 54-min. 
period was found.2 The 54-min. period was 
observable for 10 hours. No indication of an 
intermediate period was found. The _ initial 
activity of the 54-min. period was 1.75104 
counts/min. while that of the long period was 
3.72 X10? counts/min. 


BETA- AND GAMMA-RAyYs 


In order to see whether the radioactive indium 
of long period emitted positive or negative 
electrons, an active sample, several weeks old, 
was placed in a cloud chamber. The curvature 
of the tracks in a magnetic field showed that the 
emitted particles were negative electrons. Lawson 


2 Measurements were commenced too late to observe the 
13-sec. period. 
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and Cork performed a similar experiment in 
which they were able to show that the upper 
limit of the electron energy is 2.15 Mev. 

To test for gamma-rays a counter surrounded 
by lead of thickness 1.44 grams/cm* was used. 
Two days after the end of the irradiation the 
more active indium sample was examined with 
the gamma-ray counter. The counting rate (back- 
ground) with no sample present was 23-2 per 
minute, while that with the sample wrapped 
around the counter was also 23+2. If there had 
been as many as 10 counts per min. due to 
gamma-rays these would have been detected. 
The count due to beta-rays from the sample at 
the time of measurement was 370 per min. 
Thus the gamma-ray effect is certainly less than 
1/40 the beta-ray effect. 

It is interesting to compare the above result 
with results of a similar experiment by Mitchell 
and Langer*® on the relative number of counts 
due to beta- and gamma-rays associated with the 
54-min. period of indium. Using the same 
apparatus as was used in the present experiment, 
these investigators found that the total count 
(beta-rays+gamma-rays) was 3700 per minute, 
while that for the gamma-rays alone was 700 per 
minute, both for the 54-min. period. Hence the 
ratio 


Toy) 700 
Io'y+8) 3700 — 


Now the gamma-rays from the 54-min. period 
have an energy of 1.40 Mev.‘ If the 45-day 
activity had emitted y-rays of like energy and in 
a corresponding amount, one should have ob- 
tained a count of 70 per min. with the gamma-ray 
counter. Since there was no observed count due 
to gamma-rays, one must conclude either that 
there are no gamma-rays associated with the 
long period or that their energy is quite small. 
The first assumption appears to be the more 
plausible. 


(1) 





THE ORIGIN OF THE 50-Day ACTIVITY 


In order to show that the long indium period 
is not due to a fast neutron reaction with In"® 
the following experiments were tried. A silver 


3A. C. G. Mitchell and L. M. Langer, to appear shortly. 
4A. C. G. Mitchell and L. M. Langer, Phys. Rev. 52, 137 


(1937). 
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foil, the same size as the indium foil was given 
the same length of irradiation as the indium. 
Aside from a weak activity of very long period 
(probably about 3 months), the only other 
periods found were the well-known ones of 
22 sec. and 2.3 min. There was no trace of the 
26-min. period known to be produced in silver by 
fast neutrons. 

A second experiment was performed in which 
an Ag detector was placed in the box in the same 
position as the indium foil and was irradiated 
for 1 hour. On measurement, this detector 
likewise showed only the 22-sec. and 2.3-min. 
periods. The latter period was followed until it 
disappeared into the background at the end of 
35 min., there being no trace of the 26-min. 
period. Finally, the radium was removed from 
the paraffin and was allowed to irradiate for 1 
hour an Ag foil, bent into the form of a cylinder 
around the source. In this case the 26-min. 
period was present and began to show its in- 
fluence as early as the tenth minute of counting. 
Since there was no observable activity due to 
the 26-min. period of Ag, when this substance 
was irradiated in the box containing paraffin, we 
estimate that the contribution to the activity 
due to fast neutrons, under these conditions of 
irradiation, is less than 0.1 percent. The long 
period activity of the indium must therefore be 
due to slow neutrons. 

In view of the above experiments it seems 
certain that the activity of 45-day period is due 
to In" produced through the capture of a slow 
neutron by In"* according to the reaction. 


In™8+4 4! =In™, 


In'!4#=Sn'™+e-. (2) 


The two normal indium isotopes occur in the 
following percentages: In", 4.5 percent; In", 
95.5 percent. Since the activational process has 
been shown to be due to the capture of slow 
neutrons, one can get some information as to the 
nature of the process by comparing the initial 
rates of decay for the 54-min. period and the 
42-day period. 

The 54-min. activity needs no correction for 
time of irradiation since it was radiated for a 
period very long compared to the half-life. In 
comparing the activities one should use only the 
beta-activity of the short period, since the long 


period gave no gamma-activity. The correction 
for gamma-rays is, however, negligible since a 
thin walled glass counter was used in which 
the gamma-rays would not produce many 
secondaries. 

The initial activity of the long period radio- 
activity must be corrected for irradiation time. 
The time of irradiation is somewhat indefinite 
but lies between 2 and 3 half-lives. The observed 
initial activity of 3.7210? counts per min. 
becomes 4.910? or 4.210? counts per min. 
when corrections are made for irradiation time of 
2 or 3 half-lives, respectively. Now, the 54-min. 
period is certainly due to In"® produced from 
In'® by neutron capture. Assuming that the 
capture cross sections are the same for the two 
isotopes we can calculate the percentage abun- 
dance of the two isotopes. Taking the data given 
above we have for the abundance ratio 


Nus 4.6102 

NustNus 175+4.6 
Ty (45 d.) 

~ Ty (45 d.) +I (54 min.) 








= 2.6 percent. 


In view of the uncertainties involved, the 
figure is in satisfactory agreement with the value 
4.5 percent for In" obtained from mass spectra 
data. It, therefore, appears certain that the 45- 
day activity is due to In". Conversely if one 
assumes that activities are in the ratio of the 
relative abundance Nj:3/Nis5 one can calculate 
the relative cross section for the activation of 
In"* to In" by neutrons. By use of the above 
figures one obtains o1:3=0.560115. 

Lawson and Cork! have found a number of 
periods due to indium when this element was 
bombarded by deuterons, neutrons (fast or 
slow), and when cadmium was bombarded by 
deuterons. The indium periods produced by 
deuterons on cadmium are: 2.3 hours (In"™”) ; 20 
minutes (In); and 4.1 hours ascribed to In'™. 
With fast neutrons on indium they found the 
periods 72 sec. (In"*), 4.1 hours (In), 50 days 
In' and the well-known 13-sec. and 54-min. 
periods ascribed to In"®. With slow neutrons 
they obtained the 13-sec. and 54-min. periods 
and the 4.1-hour period, which apparently 
appeared only weakly. 
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The present work substantiates the conclusion 
of Lawson and Cork that the 45—-50-day period 
is to be attributed to In", since it has been shown 
here to go with slow neutrons on indium. 
Furthermore, the relative activity of the 50-day 
period compared with the 54-min. period, pro- 
duced by slow neutrons, is about what one would 
expect from the relative abundances of In'® 
and In", 

From the evidence presented by Lawson and 
Cork it seems very probable that the 4.1-hour 
period is due to In" since it was obtained with 
deuterons on Cd and quite strongly with fast 
neutrons on In. It is isomeric with the 50-day 
period. In the present investigation no 4.1-hour 
period was observed when slow neutrons bom- 
barded indium. Lawson and Cork found this 
period to be produced only weakly with slow 


POOL AND E. C. CAMPBELL 


neutrons. It is not impossible that the weak 
activity observed by them was due to residual 
fast neutrons not slowed down by the paraffin. 
From the above, it appears that the 4.1-hour 
period is due to In", that it is produced by fast 
neutrons on In", but that it is not readily 
produced by slow neutrons on In". Since the two 
periods 4.1 hours and 50 days are isomeric, one 
must conclude, from the nonappearance of the 
4.1-hour period with slow neutrons that the for- 
mation of this state is forbidden due to energy 
considerations or to the action of a selection 
rule. 

The author is indebted to Dr. R. N. Varney 
and Mr. C. G. Shull for helping him with some 
of the readings. The work has been made 
possible by a grant from the Penrose Fund of the 
American Philosophical Society. 
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Note on K Electron Capture and Isomerism in Radiosilver 


M. L. Poot AND Epwarp C. CAMPBELL 
Mendenhall Laboratory of Physics, Ohio State University, Columbus, Ohio 
(Received December 27, 1937) 


From radioactivity data a tentative energy-level diagram is constructed for the isomeric 
nucleus Ag’*. These data indicate that, for the 8.2-day period, the relative probabilities of K 
electron capture: negative 8-emission: positive B-emission = 640 : 40:1. The 24.5-min. Ag'® 
level is metastable and 0.3 Mev above the 8.2-day Ag’ ground state. Theory requires that the 
difference in angular momentum associated with these two levels be at least 5 nuclear units. 


INTRODUCTION 


HE capture of orbital electrons as an alter- 
native to positron emission by radioactive 
nuclei has been considered theoretically by 
several investigators.' For heavy radioactive 
nuclei the probability for K electron capture has 
been calculated to be comparable to, or even a 
thousand times greater than that of the cor- 
responding positron emission. It is also probable 
that some radioactive nuclei which are stable 
with respect to positron emission may be 
unstable with respect to K electron capture.’ 
The x-rays following K electron capture have 
1 Moller, Physik. Zeits. Sowjetunion 11, 9 (1937); 
Uhlenbeck and Kuiper, Physica 4, 601 (1937); Yukawa 
and Sakata, Phys. Rev. 51, 677 (1937); Hoyle, Nature 


140, 235 (1937). 
? Sizoo, Physica 4, 467 (1937). 


been found by Alvarez* in the comparatively 
light element V*%, which emits positrons and has 
a half-life of 16 days. The possibility of K electron 
capture in potassium has been discussed by 
Weizsacker‘ and Bramley.® Various observations 
on radiosilver Ag! have been made _ which 
suggest that K electron capture plays an im- 
portant role in the radioactive transformation of 
this nucleus.® 


RECAPITULATION OF DATA 


The 8.2-day period in silver was determined 
by the y as well as by the 8+y activity; 447 


3 Alvarez, Phys. Rev. 52, 134 (1937). 

4 Weizsicker, Physik. Zeits. 38, 623 (1937). 
* Bramley, Science 86, 424 (1937). 

® Pool, Phys. Rev. 53, 116 (1938). 
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ISOMERISM IN 


g-tracks were measured and gave by inspection 
an upper limit of 1.3 Mev. The number of 
y-quanta per $-ray was about 35. The y-ray 
spectrum was complex but probably consisted of 
at least lines at 0.3, 0.7 and 1.0 Mev. Out of 600 
negative #-tracks, 15 positron tracks were 
measured; the maximum energy observed was 
0.41 Mev. 

The 24.5-min. period was also measured by 
the y and y+8 activity; 847 positron tracks 
gave by inspection an upper limit of 1.9 Mev. 
The number of y-quanta per positron was 
about 2. 

Both periods were best obtained by fast 
neutron bombardment of silver. The branching 
ratio of the 8.2-day to the 24.5-min. period is 
about 20. 


K ELreEcTRON CAPTURE 


Uhlenbeck and Kuiper! have calculated a set 
of curves which show the dependence of the ratio 
of capture probability to that of positive 6-emis- 
sion as a function of atomic number and of the 
energy’ W, available for the transition. The above 
data give the relative probability of K electron 
capture: negative B-emission: positive $-emis- 
sion = 640 : 40:1. Using the ratio 640/1 one 
obtains from the curves a value of Wyo=2.2 mc? 
which corresponds to 0.6 Mev for the upper 
limit of the positron spectrum. Since 0.41 Mev 
was the maximum energy observed from such a 
limited number of tracks, 0.6 Mev or even more 
might easily be expected for the upper limit. To 
obtain more positron tracks a very much stronger 
source is necessary. The sample of silver used 
was irradiated six hours with neutrons from Li 
bombarded with 7uA of 6.3 Mev deuterons. 

These data with interpretations are presented 
in Fig. 1. Since the 8.2-day period is determined 
by the probabilities of three processes, the total 
decay constant \=\;,+A_+A,. It appears from 
the Sargent diagram, when the intrinsic decay 
constants A_ and dA, are used, that the negative 
B-emission is doubly forbidden while the positron 
emission is approximately singly forbidden. 


METASTABLE STATES 


The subject of metastable states in nuclei has 
been reviewed by Bethe.’ He gives an expression 


7 Bethe, Rev, Mod, Phys. 9, 226 (1937), 
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Fic. 1. Tentative energy-level diagram for the isomeric 
nucleus Ag’, The relative transition probabilities are 
inscribed in circles. Total mass includes the rest mass of 
the orbital electrons. 


for the lifetime of a state with respect to y-emis- 
sion and shows that the lifetime may be of the 
order of ordinary B-ray periods (seconds or days) 
provided that a large change Al of the angular 
momentum is involved in the transition or that 
the levels between which the transition occurs 
lie very close together. Since the upper limit of 
the 24.5-min. positron spectrum is known to be 
1.9 Mev, the difference in energy between the 
24.5-min. level and the 8.2-day level is calculated 
to be 0.3 Mev as is shown in Fig. 1. One may then 
calculate that the condition Al25 is necessary 
in order that the upper level should have a 
lifetime with respect to y-emission long com- 
pared to 24.5 min. Since the 24.5-min. positron 
period is a permitted transition and since the 
nuclear spin of stable Pd! is probably zero (even 
Z,even A) one would expect the 24.5-min. level of 
silver also to have zero angular momentum and 
the 8.2-day level to have an angular momentum 
of 5. This very high angular momentum should 
not be too disconcerting insofar as several stable 
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nuclei are known whose angular momentum is 
9/2 in the ground state. 


DISCUSSION 


In order to avoid the large Al calculated above, 
the 8.2-day period might be assigned to Ag'®. If 
this new assignment be made, a n-3n reaction 
would be involved instead of the n-2n process. 
Since neutrons of 6 to 10 Mev are more abundant 
in the Li+d source than those of higher energies, 
the number of n-2n reactions should in general, 
on purely energetic grounds, exceed the number 
of n-3n reactions.’ But the observations show 
that the 8.2-day silver is formed at a much 
greater rate than the 24.5-min. silver. Therefore 
the assignment to Ag'™® seems unlikely. The most 
serious obstacle of all to this assignment is that 
the negative B-spectrum, which shows a normal 
energy distribution, would have to be attributed 
to Compton recoil electrons or that a new stable 
isotope Cd!® would have to be postulated. 

Instead, the 24.5-min. period might be as- 
signed to Ag!®. This period, however, has been 
obtained with neutron bombardment at energies 
as low as 10 Mev and the n-3n reaction necessary 
in this case would be quite unlikely. Further- 


8 Pool, Cork and Thornton, Phys. Rev. 52, 41 (1937); 
Walke, Phys. Rev. 52, 669 (1937). 


more, one must assume that the 24.5-min. period 
is obtained from the reactions Cd-n-d and 
Rh-a-2n instead of the suggested reactions 
Cd-n-p and Rh-a-n. Reactions of the types a-2n 
and n-d have not so far been experimentally 
established. 

Consequently, the data at present suggest 
more strongly that both the 24.5-min. and the 
8.2-day periods should be assigned to Ag'”®. If a 
very much stronger source were available, the 
8.2-day y-ray and positron spectra could be more 
accurately measured. The branching ratio of 20, 
obtained from the reactions Ag-n-2n, could then 
be checked by the following reactions: Cd-n-p, 
Pd-d-p and Rh-a-n. In the latter three reactions 
the 24.5-min. period and a long period (presum- 
ably the 8.2-day period) have been found but 
the intensity of the long period was too small to 
permit a reliable estimate of the branching ratio. 
However, the experiments are not in disagree- 
ment with the hypothesis that the branching 
ratio is about the same in all three reactions as 
would perhaps be required for the two periods 
to be isomeric. 

The authors wish to thank Professor L. H. 
Thomas and Professor H. A. Bethe for helpful 
discussions regarding the theoretical aspects of 
this work. 
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X-Ray Spectroscopic Data in Regard to-the Electronic Energy Bands in Potassium 
and Sodium Chlorides 


JosEPH VALASEK 
University of Minnesota, Minneapolis, Minnesota 


(Received December 23, 1937) 


The wave-lengths of several lines in the K8 group of Cl in NaCl and KCl, and of K in KCI, 
have been measured in the secondary radiation from pressed blocks of the salts. The results are 
discussed in terms of the electronic energy bands in these crystals. It is shown that certain of 
the weaker lines arise from transitions of valence electrons belonging to one of the ions into a 
K shell vacancy in the other ion. Some of the residual nondiagram lines seem to be related to 


the excited levels in irradiated crystals. 


ECENT discussions of the electronic energy 
bands in crystals, of which NaCl has been 
treated in greatest detail,! make it of interest to 


1 Pauling, Phys. Rev. 34, 954 (1929); Slater and Shock- 
ley, Phys. Rev. 50, 707 (1936). 


examine the x-ray spectrum of compounds more 
closely in the light of these results. One obtains 
in this way supplementary information on the 
locations of the principal energy bands and the 
transitions which take place. There are, however, 
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more lines than can be accounted for by the use 
of the energy diagram which has been given, and 
these indicate a needed extension of the theory. 

Some time ago the writer measured the KB; 
lines of a series of alkali halides? using a secondary 
radiation method for producing the radiation. 
An application of Pauling’s theory of the energy 
bands in solids left no doubt as to the origin of 
these lines. The present work is principally 
concerned with the weaker satellites which 
accompany the Kf, line. The source of the 
radiation was improved somewhat by the use of a 
water-cooled clamp to hold the pressed pellet 
of salt just back of the focal spot on a water- 
cooled target. A tungsten screen in front of the 
target prevented direct x-rays from the focal 
spot from entering the spectrograph. 

The exposures usually amounted to 100 hours 
at 5-10 ma and 15 kv which resulted in good 
intensity of the two satellites on the immediate 
short wave side of KB;. In addition a number of 
very weak lines were observed. The locations of 
the three strongest lines Kf, 6,, and 6;, were 
measured with respect to tungsten La, in the 


third order. In this way a redetermination of Kf; . 


was obtained as well as the new values for the 
other two lines. The results now given for KB, 
differ somewhat from those previously reported.” 
The present values are based on more measure- 
ments and on better exposed plates and were 
obtained by the use of two different calcite 
crystals. 

Many weak lines were observed in addition to 
the three principal lines referred to above. 
These were difficult to measure accurately be- 
cause they usually disappeared into the granular 
background when observed under the measuring 
microscope even when the lowest available mag- 
nification was used. Chemical intensification of 
the plates was attempted but did not prove to 
be satisfactory. It seemed best to locate these 
lines under a hand lens and to indicate their 
position by marking on the plate with a sharp 
pencil. These marks were carefully examined 
with the hand lens and only those which were 
apparently on the line were then measured with 
the micrometer microscope. The wave-lengths of 
these lines are probably correct to within 1 x.u. 
and they agree as well as can be expected with 


* Valasek, Phys. Rev. 47, 896 (1935). 


TABLE I. Wave-lengths of KB lines of Cl in NaCl. 











WAVE-LENGIH AX AV 
LINE Exc. x.u. x.u. ev 
n b 4437 53 34 
p’ b 4421 37 24 
By a 4394.90 11.0 7.1 
8, a 4391.34 7.4 4.7 
Bs a 4385.6 1.7 1.1 
By” b 4336.5 
Bir’”’ c 4332 
By!” c 4325 
By” c 4320 








the values given by Tazaki' for the corresponding 
lines obtained by direct impact on a thin layer 
of the salt on an aluminum target. It was found 
that direct impact of electrons on powdered 
NaCl on Al gave a wave-length for Cl KB; which 
was less by about 0.5 x.u. than the values ob- 
tained from the secondary radiation. However, 
when lines other than 6,, 8”, and 8; were meas- 
ured relative to KB; any shift with respect to 
this line due to the method of excitation was less 
than the experimental error in measuring these 
weak lines. Hence in order to obtain better 
values for these lines some plates were exposed 
to the direct radiation produced by direct 
electron impact on a salt coating over an 
aluminum target. These wave-lengths were then 
measured relative to the value for KB; as given 
by the secondary radiation method. The best 
plates were obtained when the current was 
reduced to one-half of a milliampere, the salt 
being changed after each two hours of exposure 
time. The total exposure was about forty hours. 

The wave-lengths are given in Table I with 
the designations of lines following Siegbahn* and 
Tazaki.’ The letters in the second column refer 
to the nature of the source used. The letter a 
indicates that the wave-lengths of the lines so, 
marked were determined solely by measuring 
spectrograms of the secondary radiation from 
pressed blocks of the salt. Those marked 0 are 
averages derived from the former type of 
exposure supplemented by others in which direct 
electron bombardment of a salt film over an 
aluminum target was also used. The lines 
marked c were found only in the spectrum of the 
radiation from the latter type of source. Accord- 

3 Tazaki, Hiroshima J. Sci. 6, 299 (1936). 


‘Siegbahn, Spektroskopie der Roentgenstrahlen, second 
edition (1931), p. 169. 
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Fic. 1. Upper: electron energy bands of NaCl. Lower: 
K series emission lines of chlorine in NaCl on energy scale 
relative to the K absorption edge. 


ingly these c values are repetitions of Tazaki’s 
measurements and will be found to agree with 
them to better than one x.u., the estimated 
error. However, because of the nature of the 
source it is not certain that some of these lines 
may not be due to reaction products of the salt 
with the aluminum target. The chlorine K’ line 
is sO near tungsten La, in the third order 
(corresponding to \}\=4420.08) that it is no 
doubt shifted due to the slight amount of over- 
lapping tungsten radiation. This line appears to 
be a bona fide chlorine line as measurements in 
the spectra of chlorine in both NaCl and KCl 
indicate characteristic differences. 

The probable errors of the wave-lengths of the 
KB, lines are 0.07 x.u. for KB; of K, and of Cl in 
NaCl, and 0.14 for KB; of Cl in KCl. The wave- 
lengths given to tenths of x.u. are probably 
correct to 0.3 x.u. and the other weak lines are 
estimated to be within one x.u. of the correct 
value. 

The column of differences AX gives the 
distances of the lines from the K absorption 
edges of the elements considered. These differ- 
ences were obtained by using Stelling’s values :° 
4383.9 for the K edge of Cl in NaCl, 4385.1 for 
Cl in KCl, and 3427.9 for K in KCl. The final 
column gives these differences in electron volts 
which is of convenience in discussing the energy 

"levels. 

Since the location of the K absorption edge is 
just beyond the K®; line, 6’” and 6’ must be 
spark lines. These are most probably of the 
KL-—ML type analogous to those which are 
prominent as satellites of the Ka lines of these 
elements. However, there is at present no satis- 
factory theory for these KB satellites comparable 
to that which has been given by Wolfe® for the 
Ka satellites. On the experimental side, Tazaki 


5 Lindh, Roentgenspektroskopie (1930), pp. 298-9, 302. 
® Wolfe, Phys. Rev. 43, 221 (1933). 
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has shown that they fit the same semi-Moseley 
curves as the similar lines measured by Ford? 
and others in the spectra of the heavier elements. 
The remaining lines are plotted on an electron- 
volt energy scale in Fig. 1 with the absorption 
edge as origin, from the values of AV of Tables 
I-III. In the case of those lines which arise from 
transitions in an atom originally lacking only a 
K electron, the locations of the lines on such a 
plot indicate the energy levels from which the 
radiating electrons come. These levels can then 
be compared with the calculated energy bands 
for the crystal. Accordingly, the x-ray emission 
spectrum is accompanied by an energy band 
spectrum for NaCl similar to that given by 
Slater and Shockley.' It is evident that the 
Cl KB, line must result from a Cl- 1s—Cl- 3p 
transition so that the two spectra are made 
arbitrarily to coincide at this point. A very 
rough estimate of the width of the Cl K@; line is 
only one electron-volt, which is much less than 
the width of the Cl 3p level indicated by Slater 
and Shockley. The width shown in Fig. 1 agrees 
better with experiment. In addition to Cl Kp, 
there is only one other possible diagram line, 
Cl Kn, a very weak line, which is apparently due 
to the transition Cl- 1s—Nat 2, i.e., due to a 
sodium 2 electron falling into a vacancy in the 
chlorine K shell. This improbable occurrence 
may be understood by consideration of the 
quantum-mechanical picture of the energy bands 
of the valence electrons as extending con- 
tinuously through the lattice though naturally 
the wave-function has much higher values in the 
vicinity of ions of the class to which it belongs. 


TABLE II. Wave-lengths of KB lines of Cl in KCl. 











WAVE-LENGTH Ad AV 
LINE Exc. x.u. x.u. ev 
n b 4437 52 33 
Bur’ b 4424 39 25 
Br’ b 4418 33 21 
By a 4394.91 9.8 6.2 
Bz a 4391.16 6.1 3.9 
Bs a 4385.3 0.2 0.1 
Br Cc 4375 
Bs b 4368 
Bs c 4359 
Br” b 4438 
Bn” c 4333 
a c 4326 




















7 Ford, Phys. Rev. 41, 577 (1932). 
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ELECTRONIC ENERGY 


An examination of the K* and Cl spectra of 
KCI shows lines which support this conclusion. 
In Fig. 2 it is noted that the Cl K8;’ line results 
from a Cl- 1s—K?* 3p transition and that the 
K KB; line is due to a Kt 1s—Cl- 3 transition. 
The superposition of corresponding lines in the 
two spectra is not exact. This seems to be 
principally due to the fact that they are plotted 
relative to Stelling’s values for the respective 
absorption edges and that one of these, at least, 
should be revised. This is most probably that of 
Cl in KCI for which Stelling gives a wave-length 
of 4385.1 x.u. This value is out of line with those 
for Cl in the chlorides of the lighter and the 
heavier alkalis. An older measurement by Lindh® 
is 4382.9 which is correspondingly too low. An 
average of these two determinations gives very 
good agreement between the two spectra of 
Fig. 2. 

The line in the spectrum of Na in NaCl 
which corresponds to K K&; is in a very different 
part of the x-ray spectrum but has been observed 
by Wetterblad.* Backlin® designated this line 
Na K§, and considered it to be of “‘semi-optical”’ 
origin, due to a combination between some 
excited optical level of Nat with its K level. 
He pointed out that normally Na* (1s? 2s? 2p*) 
has no occupied M level which is needed for the 
emission of the ordinary Kf, line. The fact that 
this line appears was taken to indicate that 
transitions occur from a virtual or optical state. 
The marked deviation of the frequencies of this 
line from Moseley’s law at Na, and also Mg, 
supports the anomalous origin of this x-ray line. 
The writer considers that the “optical state”’ 


TABLE III. Wave-lengths of KB lines of K in KCl. 

















WAVE-LENGTH AX AV 
LINE Exc. x.u. x.u. ev 
n ( 3490 61 63 
p’ b 3476 49 $1 
By a 3447.00 19.1 19.9 
ai a 3442.95 15.0 15.6 
Bs a 3434.97 7.1 7.4 
Bs c 3416 
By’"’ b 3404.5 
6r1"”” b 3396.4 
- c 3375 




















§ Wetterblad, Zeits. f. Physik 42, 603 (1927). 
® Backlin, Siegbahn and Thoraeus, Phil. Mag. 49, 1320 


(1925). 
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Fic. 2. Top: electron energy bands of KCI. Center: K 
series emission lines of chlorine in KCI on energy scale 
relative to the K absorption edge. Bottom: ditto, potassium 
in KCl. 


postulated by Backlin is to be identified with the 
Cl- 3p electron energy band of the NaCl crystal 
and that Na Kf, is a Na* 1s—Cl> 3p transition 
analogous to the K§; line of potassium in KCl. 
Since the sodium ion has no MM shell, this line 
becomes the principal line in the K8 group of 
Na in NaCl. 

The remaining lines belong to the general 
class of ‘‘nondiagram” lines. They are not 
necessarily due to double ionization, though this 
is needed to account for the lines at shorter 
wave-lengths than K£;. Optical absorption 
studies'® support the conclusion that the trans- 
parent, perfect crystal has no other levels than 
the present theory indicates. However, by the 
action of radiation or other ionizing agents, it is 
possible to produce coloration" which indicates 
that new discrete energy bands arise from the 
neutralization of the charges on some of the ions 
in the crystal. Such bands’ may be involved in 
the emission of the K8, line of Cl and K, and of 
the KB; line of Cl. Since selection rules will 
permit only the combination of P and S states, 
the x-ray lines cannot be identified in Figs. 1 and 
2, with the ground states for the F and U 
absorptions which must be S-like levels, though 
they may originate in the same general process. 
This interpretation requires further investi- 
gation. 

The writer expresses his thanks to the Gradu- 
ate School of the University of Minnesota for its 
generosity in supporting this investigation, and 
to Mr. Rolf Landshoff for his assistance with a 
considerable part of the laboratory work. 

10 Schneider and O’Bryan, Phys. Rev. 51, 293 (1937). 


" Hilsch and Pohl, Zeits. f. Physik 59, 812 (1930); 64, 
606 (1930). Hughes, Rev. Mod. Phys. 8, 294 (1936). 
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X-ray diffraction patterns of liquid sodium at eight temperatures ranging from 100°C to 
400°C have been obtained with monochromatic Mo Ka radiation. Fourier analyses of the 
100°C and the 400°C intensity curves were made in order to obtain the atomic distribution 
functions. The distribution function at 400°C shows that at this temperature, the first con- 
centration of atoms about any atom occurs at a distance of 3.90A and the second concentration 
of atoms occurs at about 7.2A. The peaks in this curve are broader, and the curve approaches 
the average density more rapidly, than in the 100°C case. For sodium at 100°C, the distance 


of closest approach of the atoms is 3.83A. 





INTRODUCTION 


HE atomic distribution functions for liquid 
mercury! and for liquid sodium? have been 
obtained for the liquids at one temperature, but 
no consistent attempt has been made to inves- 
tigate the atomic distribution function in a 
liquid element at different temperatures. It is of 
interest to investigate this effect for the informa- 
tion it may give concerning interatomic forces or 
for the data it may supply in support of existing 
theories of the liquid state. 

Analysis of x-ray diffraction patterns offers a 
direct means of obtaining the atomic distribution 
functions. In this method it is necessary to 
diffract monochromatic x-rays from the sub- 
stance under investigation and obtain reliable 
values of the relative intensity vs. diffraction 
angle to as large values of the angle as possible. 
This relative intensity must be corrected for 
absorption in the sample, for polarization and for 
incoherent radiation. It is placed on an absolute 
basis in electron units by assuming that at suf- 
ficiently large angles of scattering so that inter- 
ferences are completely washed out, the total 
radiation is the sum of the incoherent and the 
independent coherent radiations. From this fully 
corrected intensity curve in electron units, 
straightforward calculations on the basis of the 
theories of Zernike and Prins* and Debye and 

1 Debye and Menke, Erg. d. Tech. Rontgenkunde, II. 


2 Tarasov and Warren, J. Chem. Phys. 4, 236 (1937). 
3 Zernike and Prins, Zeits. f. Physik 41, 184 (1927). 


Menke' lead to the atomic distribution function 
Such analysis has been made not only in the 
case of liquids but alsoin the case of ‘‘amorphous”’ 
solids‘ and crystalline solids.® 

A number of studies of the temperature effect 
upon the x-ray diffraction pattern of liquids 
have been made, but most of these studies have 
been made upon polyatomic liquids.* Liquid 
sulphur’ has been investigated at a number of 
temperatures and some interesting conclusions 
were reached, but no determination of the 
atomic distribution function was made. 


EXPERIMENTAL 


In the present work, Mo Ka radiation mono- 
chromatized by reflection from rocksalt was dif- 
fracted by liquid sodium contained in a very 
thin-walled Pyrex glass capillary of 2.8 mm 
diameter. Although the method described by 
Randall® for filling the capillary with sodium was 
first used, a simpler method was finally adopted. 
In this, freshly cut sodium was placed in one end 
of a glass tube with a series of about ten con- 


( * Hultgren, Gingrich and Warren, J. Chem. Phys. 3, 351 
1935). 

5 Warren and Gingrich, Phys. Rev. 46, 368 (1934). 

®Stewart and Morrow, Phys. Rev. 30, 232 (1927). 
Zachariasen, J. Chem. Phys. 3, 158 (1935). Harvey, Phys. 
Rev. 51, 998 (1937). Katzoff, J. Chem. Phys. 2, 841 (1934). 
Pierce, J. Chem. Phys. 3, 252 (1935). 

7 Blatchford, Proc. Phys. Soc. London 45, 493 (1933). 

8 Randall, The Diffraction of X-Rays and Electrons by 
Amorphous Solids, Liquids and Gases. (John Wiley & Sons, 
1934) p. 129. 
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strictions and the capillary was sealed to the 
other end of the tube. After prolonged pumping 
and gentle heating, the sodium was melted and 
forced through the constrictions and into the 
capillary by means of helium at low pressure. 
This procedure in which the sodium has been 
subjected only to the removal of surface im- 
purities has been justified in other work.® The 
sealed-off capillary filled with sodium and 
mounted in plaster of paris was encased in a 
heavy brass cylinder with entrance and exit 
holes for the x-rays. The brass cylinder was 
heated by means of a soldering iron element and 
the temperature of the capillary tube just above 
the point where the x-rays passed through was 
measured with a fine iron-advance thermocouple. 
The capillary was centralized in a cylindrical 
camera of 8.85 cm radius, which was measured 
mechanically and by a calibration run with 
rocksalt. The photographic film had suitable 
blackening after an exposure of 36 hours with 
the x-ray tube operated at 30 kv and 18 ma. 
Microphotometering the film and converting to 
intensities in the usual manner resulted in the 
experimental intensity curve. 


APPLICATION OF THE FOURIER METHOD 


In applying the Fourier method, it is necessary 
to have the experimental intensity on an absolute 
basis, in electron units, and this is obtained by 
using the fully corrected intensity curve at so 
large a value of sin @/X that all the radiation may 
be considered as independent. For this point, the 
ratio of coherent radiation to total radiation is 
calculated, the incoherent is subtracted from the 
total, and this serves to place the experimental 
curve on the same scale as the coherent, which is 
given in tables’ in electron units per atom. The 
experimental intensity curve was corrected for 
absorption (practically negligible in this case), 
for polarization, and for incoherent radiation. 
Fully corrected intensity curves for sodium at 
100°C and 400°C are shown in Fig. 1, together 
with a dashed curve representing the total 
independent scattering per atom (for the 400°C 


* Bent and Forziati, J. Am. Chem. Soc. 58, 2220 (1936). 
From tables of f and Zf?, Compton and Allison, 
X-Rays in Theory and Experiment. (D. Van Nostrand 1935) 


p. 781. 


case only) and a dotted curve representing the 
incoherent scattering. 

For a liquid element, the average density of 
surrounding atoms is given by the relation® 


4rr*p(r) =4r*po+ (2r/n)( { si(s) sin reds), (1) 
0 


where 4zr°p(r)dr is the number of atoms between 
distances r and r+dr. 


po=average density of sample in atoms per 
unit volume. 
s=4n sin 0/X. 
i(s) = (I/N—f?) /f?. 
I/N=unmodified intensity per atom in electron 
units. 
f=atomic scattering factor. 


The product si(s) is plotted against ks where k 
is a constant so chosen as to give convenient 
points in the final distribution curve. Curves of 
this type are shown in Fig. 2 for the 100°C and 
the 400°C cases. The integral of Eq. (1) was 
evaluated with the help of a Coradi analyzer," 
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Fic. 1. Experimental intensity curves for x-ray diffrac- 
tion from liquid sodium at 100°C and 400°C together with 
curves representing the incoherent radiation and the inde- 
pendent coherent radiation for the 400°C case. 


1 We are indebted to Professor B. E. Warren for the 
use of the Coradi analyzer at Massachusetts Institute of 
Technology. 
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Fic. 2. Curves showing the si(s) function for liquid sodium 
at 100°C and 400°C, 






































and the values for certain points were checked 
by graphical computation. The analysis resulted 
in the curves shown in Fig. 3 and Fig. 4. These 
distribution curves are plotted together with the 
curves for constant density. 


DISCUSSION OF RESULTS 


The effect of temperature upon the diffraction 
pattern of a liquid is shown in Fig. 1. For the 
same intensity of the main peak, the scattering 
at large angles is higher for the higher tempera- 
ture, the second peak is less prominent and the 
third peak is almost absent. There is, in addition, 
a slight shift of the positions of the maxima in 
the high temperature case to smaller angles than 
in the low temperature case. Perhaps the most 
effective graphical representation of the tem- 
perature effect is shown in Fig. 2. In this the 
oscillations of the sz(s) function are highly 
damped in the 400°C case. For temperatures 
between 100°C and 400°C, there was a con- 
sistent, gradual transition in the shape of the 
si(s) function. Complete analyses of these inter- 
mediate cases were not made. 

The radial density curve for liquid sodium at 
100°C shown in Fig. 4 confirms that obtained by 
Tarasov and Warren’ except for a consistent 


AND N. S. 


GINGRICH 


difference in the abscissa values. This shows up 
most prominently for the first peak, which in 
their work appeared at 3.96A and in the present 
work appears at 3.83A." The interpretation of 
the curve of Fig. 4 is that an atom at r=0 is 
surrounded on the average, by an atomic popu- 
lation between distances r and r+dr given by 
the area under the curve between r and r+dr. 
The distance from r=0 to the position of the 
maximum of the first peak is interpreted as being 
the most probable distance to the nearest neigh- 
bors. Beyond this distance, the distribution curve 
oscillates about the curve of constant density 
but never approaches zero. In similar curves for 
glass, however, the distribution curve does reach 
zero after the first peak. The significance of this 
has been pointed out by Warren," for in vitreous 
SiOz, a silicon atom, for example, has four 
definite and permanent neighbors, while in 
liquids, neighbors are temporary and any dis- 
tances of approach above the minimum are 
possible, although the probability of finding a 
neighbor at the “contact distance’”’ is higher than 
for other distances. Beyond the first peak there 
is a fairly well defined average concentration of 
atoms at about 7.0A. 
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Fic. 3. The radial density distribution of atoms about any 
one atom in liquid sodium at 400°C. 


22 In a private communication, Professor Warren stated 
that there was an error of 2.6 percent in their micropho- 
tometer enlarging ratio. Correcting for this, their value 
becomes 3.86A, in essential agreement with the value 
obtained in the present work. 

18 Warren, J. App. Phys. 8, 645 (1937). 
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The radial density curve for liquid sodium at 
400°C shown in Fig. 3 shows much less pro- 
nounced concentrations of atoms. The first con- 
centration has a peak value at 3.90A and the 
second at about 7.2 A, while the dip between 
these two peaks is less than that in the case of 
sodium at 100°C. In order to compare the dis- 
tributions at 100°C and 400°C more conveniently 
and effectively, p(r), the actual density, as a 
function of r is shown for the two temperatures 
in Fig. 5. The solid curve for 400°C, is shown 
oscillating about the straight line representing 
the average density at 400°C. The dotted curve 
is the p(r) for 100°C with its ordinate scale 
shifted since it would normally oscillate about 
the average density of sodium at 100°C. The 
concentrations and deficiencies of atoms are less 
pronounced in the 400°C case than in the 100°C 
case. Furthermore, at 400°C, the curve has 
positive values at values of 7 less than that for 
the 100°C case. The reality of this slight differ- 
ence depends upon the accuracy with which the 
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Fic. 4. The radial density distribution of atoms about any 
one atom in liquid sodium at 100°C. 
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Fic. 5. The actual density in atoms per unit volume as a 
function of distance from any one atom in liquid sodium 
at 400°C. The dotted curve (with slightly shifted ordinate) 
shows that for liquid sodium at 100°C, 


diffraction patterns in the two cases are known. 
Some support is given to this effect, however, 
from the fact that all the patterns obtained at 
various temperatures showed a consistent trend 
in such a manner as to indicate the reality of 
this effect. 

The impossibility of interpenetration of so- 
dium atoms and the existence of interatomic 
binding requires that certain arrangements of 
these atoms with respect to their neighbors are 
more probable than others. These results show 
that the arrangement of sodium atoms is not 
wholly random, and they indicate the extent to 
which the atoms assume temporary arrange- 
ments due to their packing together. They show 
further, that the tendency to assume these 
temporary arrangements is less when the tem- 
perature is high than when it is low, and the 
curves shown in Fig. 3, Fig. 4 and Fig. 5 provide 
a measure of how much less this tendency is. 
They are in accord with the kinetic picture of a 
liquid, and on this picture, they may be given 
rough qualitative interpretation but it is possible 
that they may eventually lead to quantitative 
results concerning the interatomic binding forces 
or energies. 

It is a pleasure to acknowledge grants-in-aid 
of-research made to one of us (N.S.G.) by the 
American Academy of Arts and Sciences from 
the Rumford Fund, and by the American Associ- 
ation for the Advancement of Science. 
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The Isotopic Constitution of Calcium, Titanium, Sulphur and Argon 
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A mass-spectrographic study of the isotopic constitution of calcium, titanium, and sulphur 
has been made. Two new calcium isotopes, Ca** and Ca*’, were found, present with abundances 
1/29,000 and 1/520 that of Ca, respectively. No new titanium isotopes were found. A new 
sulphur isotope, S*, was discovered, having an abundance 1/6,000 that of S*. The proof for the 
existence of the new isotopes is presented. The relative abundances of the isotopes in these three 
elements were determined. A search for other possible rare isotopes was made in all mass 
number positions in the immediate neighborhood of the known isotopes. Upper limits for the 
existence of these hypothetical isotopes are given. A search was made for A®. 





HIS paper is one of a series dealing with the 
study of the isotopic constitution of the 
elements. A systematic research program was 
undertaken with the following objectives in 
mind: (1) To obtain accurate measurements of 
the relative abundances of isotopes (2) to 
establish the existence or nonexistence of ques- 
tionable isotopes, and (3) to search in all mass 
number positions in the immediate neighborhood 
of the known isotopes for possible rare isotopes, 
and if none was found, to set upper limits for the 
existence of such hypothetical stable isotopes. 
The elements which so far have been studied 
are A, K, Rb, Zn, and Cd;! Hg, Xe, Kr, Be, I, 
As, and Cs;? and Os.’ A preliminary report has 
been given for Pb.‘ The present paper will show 
the results obtained for calcium, titanium and 
sulphur, together with an additional result for 
argon. 
APPARATUS 


The mass spectrometer used differed from that 
employed for the Hg, Xe, etc., study only insofar 
as a new tube was employed which enabled one 
to work with substances not volatile at ordinary 
temperatures. In the earlier work it was neces- 
sary that the substance to be studied should have 
a vapor pressure at least as great as 10-> mm Hg 
at the temperature to which it is safe to heat the 
entire Pyrex tube. The new tube has a small 
furnace inside of it which now contains the sub- 
stance to be studied. This small furnace may be 
heated to any desired temperature. 


* National Research Fellow. 

1 Nier, Phys. Rev. 50, 1041 (1936). 
2 Nier, Phys. Rev. 52, 933 (1937). 
3 Nier, Phys. Rev. 52, 885 (1937). 
4 Nier, Phys. Rev. 51, 1007 (1937). 


A diagram of a portion of the new tube is 
shown in Fig. 1. Its operation is quite similar to 
that of the previous tube. A ribbon of electrons, 
the cross section of which is indicated by the 
dashes between plates J and B, moves per- 
pendicular to the figure. The small furnace G 
consists of a solid block of Nichrome V 6 mm 
X6 mm X10 mm long, heated by a one-half mm 
diameter tungsten spiral filament passing through 
the upper hole in the block. The substance to be 
studied is placed in the lower hole, which is closed 
at one end and has a threaded cap at the other. 
When the furnace is heated, molecules emerge 
through the slit below the lower hole and pass 
into the electron beam. Here positive ions are 
formed which are drawn through slits S; and S: 
into the 180° magnetic analyzer H. This molec- 
ular beam method of producing ions was em- 
ployed with considerable success by Bleakney, 
Blewitt, Sherr and Smoluchowski’ in their study 
of beryllium. 

If one varies the energy of the ions and plots 
a curve of positive ion current collected beyond 
the exit slit of the analyzer, one obtains a mass 
spectrum having a peak for each isotope present. 
The magnetic field is, of course, held constant. 

In the present apparatus one is limited to a 
furnace temperature of about 1200°C. In order 
to reach higher temperatures a furnace of tan- 
talum will be employed. 

RESULTS 
Calcium 


Calcium metal was placed in the furnace and 
the entire apparatus was baked out at a tem- 


5’ Bleakney, Blewitt, Sherr and Smoluchowski, Phys. 


Rev. 50, 545 (1936). 
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perature of 450°C until only small traces of 
impurities remained. For the study of calcium a 
furnace temperature of about 550°C gave 
positive ion peaks of sufficient magnitude without 
too great a rate of evaporation from the furnace. 
A typical mass spectrum is shown in Fig. 2. One 
sees here, in addition to the previously known 
isotopes, 40, 42, 43, and 44,® two new peaks, one 
at mass 48 and one at mass 46. That these newly 
found peaks really correspond to rare isotopes of 
calcium, and not to possible impurities present, 
may be concluded from the following: 


(1) The abundance ratios Ca*’/Ca*® and 
Ca**/Ca*® were studied as a function of furnace 
temperature, i.c., Ca vapor pressure, and were 
both found to remain constant within the experi- 
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Fic. 1. Diagram of portion of mass spectrometer where 
ions are produced. The furnace G is supported by the glass 
stem K. Actually 4 electrical leads come through this stem. 
Two furnish thecurrent tothe furnace filament, onesupports 
the furnace (this is the one shown in the diagram), and 
the fourth, together with the one supporting the furnace 
form a thermocouple junction for measuring the furnace 
temperature. If one cracks the reentry seal of which the 
stem K is a part, the stem and furnace may be removed 
without disturbing the rest of the apparatus. The function 
of the plate A is to support an electron gun and trap which 
are not shown in the figure. As in the earlier work no wax 
or grease joints are employed at any point in the apparatus. 
The entire tube may be thoroughly baked to remove 
impurities. 


* Aston, Proc. Roy. Soc. A149, 396 (1935). 
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Fic. 2. Mass spectrum showing isotopes of calcium. 
Positive ion current expressed in terms of cm deflection 
of galvanometer at its highest sensitivity. One cm repre- 
sents about 2.5 X 10-" ampere. 


mental errors. The Ca**/Ca*® ratio was studied 
over a 12-fold range and the Ca*/Ca*® ratio 
over an 8-fold range of pressure. 

(2) The results of a study of the number of 
ions of each isotope formed as a function of the 
energy of the electrons producing the ions is 
shown in Fig. 3. From this curve, one sees that 
not only do the three peaks, Ca*®, the peak at 46, 
and the peak at 48, all have the same form of 
efficiency curve, but they also have the same 
appearance potential. A detailed study of the 
form of the curves near the appearance potential 
showed that the appearance potential of the 
48 peak was within at least 0.3 volts of that for 
Ca*®, while that for the 46 peak did not differ 
more than a volt from that for Ca*®. 

(3) A study of the doubly charged ions showed 
that the 24 peak (48)*+ had the same form of 
efficiency curve as did the (Ca**)*+ peak. The 
appearance potentials were the same within the 
experimental error, two volts. The relative height 
of the two peaks agreed within a few percent of 
that found for the singly charged ions. 

It should be mentioned that a trace of mag- 
nesium was present in the calcium. Mg™ con- 
tributed only about 10 percent of the total 24 
peak at 70 volts, the point where the Ca?+ 
current versus electron energy curve has its 
maximum. As Mg has a much lower appearance 
potential than Ca**, and as its efficiency curve is 
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Fic. 3. Efficiency of ionization curve for Ca*. 


relatively flat for electron energies over the 
range where Ca?** is formed, no difficulty was had 
in subtracting the Mg* contribution from the 
total peak, and thus arriving at the conclusions 
of the previous paragraph. 

It was not possible to examine the (Ca**)?+ 
due to the fact that it was small as compared 
with a trace of sodium present in the calcium. 
The discovery of Ca** confirms the result of 
Wigner,’ who computed that Ca* should be 
stable. 

Table I shows a list of the stable isotopes of 
Ca, together with their respective abundances. 
Aston’s values, converted from percentages to 
relative abundances, are also included. 

All of the measured abundances, with the 
exception of that for Ca‘, are believed to be 
correct to 3 percent. The abundance for Ca 
may be in error by 15 percent. However, we have 
not taken account of the possible effect of free 
evaporation from the furnace. The mass of the 
heaviest Ca isotope differs by 20 percent from 
that of the lightest; only in hydrogen do the 
isotopes have a larger fractional spread in mass. 
In the case of ideal distillation of Ca from the 
furnace, the Ca**/Ca*® ratio as measured would 
be only (40/48)!=0.895 of what it should be. 
The other isotope ratios as measured would be 
in error by similar factors. 

As the calcium atoms are evaporated from a 
solid surface and not from a liquid where mixing 
can take place, it does not seem likely that one 


7 Wigner, Phys. Rev. 51, 947 (1937). 


would approach the ideal case. However, the 
effect should not be overlooked in this work. 

The major problem of the present study of 
calcium was the establishment of the existence 
or nonexistence of rare isotopes. The relative 
abundances of the Ca isotopes will be examined 
in greater detail later. 

With a packing fraction of —6 and a conver- 
sion factor of 1.000275 for going from the atomic 
to the chemical scale, one computes a chemical 
weight of 40.08 from both the writer’s and 
Aston’s values. The present chemical value is 
40.08. 

A search for other isotopes was also made. 
None was found, and it was possible to set the 
following upper limits for the abundances 
relative to Ca*®: Ca*’, 1/60,000; Ca**, 1/40,000; 
Ca", 1/150,000; Ca, Ca*’, Ca**, and Ca®?, 
1/200,000. Aston had set an upper limit of 1/1000 
for Ca‘. 


Titanium 

Titanium fluoride, TiF;, was introduced into 
the furnace. It was found that the molecular 
ions were the most convenient to examine. A 
typical mass spectrum is shown in Fig. 4. The 
isotopes found were the same as those reported 
by Aston.® 

Table II gives a list of the isotopes, together 
with their respective abundances. Aston’s values 
are included for comparison. With a packing 
fraction of —7.2° and a conversion factor of 
1.000275, the writer’s values give a chemical 
weight of 47.88. Aston’s figures yield the value 
47.90. The present chemical value is 47.90. The 
writer believes that his abundances relative to 
Ti*® are all correct to 2 percent. The effect of 
free evaporation should be negligible here, as the 
spread in mass units between the heaviest and 
lightest ions is only 4 at mass 105. 

The real reason for undertaking the study of 


TABLE I, Jsotopes of calcium. 








Mass NUMBER 





40 42 | 43 44 46 48 


Abundance 100 |0.66 | 0.150 | 2.13 | 0.0034 | 0.191 
Aston’s values 100 |0.80) 0.18 |2.35 — -- 























8 Dempster, Bull. Am. Phys. Soc., Chicago Meeting, 
November, 1937. 
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titanium was to see if any other isotopes existed. 
None was found, and it was possible to set the 
following upper limits of abundance relative to 
Ti*®: Ti®, 1/100,000; Ti, 1/10,000; Ti* and 
Ti®, 1/50,000; Ti, Ti, and Ti**, 1/100,000; 
Ti*, 1/25,000. Some difficulty with impurities 
was encountered in this search. However, it was 
possible to suppress the impurities in the several 
positions where they occurred below the limits 
given above. 


Sulphur 


Aston® found sulphur to consist of three iso- 
topes, 32, 33, and 34, present in abundances 
roughly proportional to the numbers 96, 1, and 3, 
respectively. The present work on sulphur was 
undertaken in order to search for a possible S* 
isotope, which Wigner’ calculated should be 
stable. 

After thoroughly outgassing the apparatus, 
SOz was allowed to flow into the tube through a 
capillary leak, the pressure being maintained 
below 10-4 mm mercury. No use was made of the 
small furnace in this case. Table III tabulates 
all of the ions observed in the SO.*+, SO* and S* 
spectra and possible combinations of sulphur 
and oxygen isotopes which would produce ions 
of these masses. Combinations such as SOMO!" 
and SO'70!5, which are very rare, are not included 
in the table. 

Before proceeding to the proof that S* exists 
it will be well to establish the abundances of the 
other sulphur isotopes. The relative abundances 
of S®, S*%, and S* were determined from the 
relative heights of the 64, 65, and 66 peaks in 
the SO.* spectrum, and from the relative heights 
of the 48, 49, and 50 peaks in the SO* spectrum. 
As may be seen from the table, allowance has 
to be made for the rare oxygen isotope com- 
binations in determining these abundances. 
Throughout this paper the isotopes of oxygen 


TABLE II. Jsotopes of titanium. 








Mass NUMBER 





46 47 48 49 50 





Steendenus 10.82 | 10.56} 100 | 7.50 | 7.27 
Aston’s values 11.9 | 10.9 100 | 7.7 9.7 











* Aston, Mass Spectra and Isotopes, p. 143. 
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Fic. 4. Mass spectrum showing isotopes of titanium. 


and their abundances are assumed to be: O", 
100; O'7, 0.04; and O'8, 0.20. The results ob- 
tained for sulphur are then S*, 100; S*, 0.78; 
and S*, 4.4. The values given are believed correct 
to two percent. It should be mentioned that these 
results are not greatly influenced by the exact 
abundances assumed for the oxygen isotopes. 

That S* exists may be concluded from the 
following: 

(1) From a consideration of the relative 
heights of the 68 and the 64 peaks we find that 
only approximately one-half of the 68 peak can 
be attributed to the ions (S*O'%O")+ and 
(S®O'80!8)+. We are thus forced to conclude that 
the remainder is due either to an impurity or to 
S* in the ion (S*O"O"*)+ present to one part in 
6000+10 percent, compared with S*®. The 
excellent agreement between the efficiency 
curves shown in Fig. 5A makes the impurity 
possibility unlikely. 

(2) From a comparison of the relative heights 
of the 52 and 48 peaks in the SO+ spectrum we 
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find that only about 3 of the height of the 52 peak 
can be attributed to (S*O!8)+. The residue must 
thus again be due either to an impurity or to S*® 
in (S*O"*)+, If one assumes the latter possibility, 
the S*/S* ratio again turns out to be 1/6000+10 
percent. The excellent agreement between the 
efficiency curves shown in Fig. 5B also makes 
the impurity hypothesis unlikely. 

(3) The relative heights of the 36 and 32 peaks 
are also in the ratio 1/6000+10 percent. Fig. 5C 
shows the efficiency curves for these two peaks, 
which also agree remarkably well when one 
considers the low probability of this ionization 
process. 

The 67 peak observed in SO,*+ was shown from 
a measurement of its abundance to be due en- 
tirely to (S*O'"0")+ and (S#O!80"*)+. The 51 
peak in SO* was found to be due entirely to 
(S*O!”)+ and (S*O!’)+. No peak was observed 
at mass 35 in the S* spectrum. In each of these 
three positions we are able to set an upper limit 
of 1/50,000 for the abundance of S*. 

A study of the other mass number positions 
enables us to set the following upper limits for 
the abundance of other possible isotopes relative 
to S®: S*? and S*8, 1/200,000; S*, 1/20,000; S*° 
1/50,000. 

With a packing fraction of —5.6 for sulphur 
and a conversion factor of 1.000275 in going 
from the atomic to the chemical scale, an atomic 
weight of 32.064 is computed for sulphur. The 
present chemical value is 32.06. 


Argon 


In the earlier work on argon! an upper limit of 
1/20,000 of A*° was set for A®. After discovering 
the new calcium and sulphur isotopes at this 


TABLE III. Jons observed from SOx. 











Ly a POSSIBLE COMBINATIONS PRODUCING IONS AT 

lox | par THESE Mass NUMBERS 

SO2*} 64 (S®O16016) + 
65 (S8O16016) +, (S32017016) + 
66 (S¥O160 16) +, (S2O18016) +, (S8O170 18) + 
67 (S¥O17018) +, (S8O180 16) +, possibly (S%*O16016) + 
68 (S#O16O 16) +, (SHOISO16) +, ($3218 18) + 

sor 48 (S#Q186) + 
49 (S¥O16) +, (S017) + 
50 (S4O168)+, (S32018) +, (S33017) + 
51 (S4O17) +, (S8O18)+, possibly (S%*O16) + 
52 (S018) +, (S#O18) + 

s* 32 (S%)+ 
33 (S*)* 
34 (S*)* 
36 (S*)* 
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Fic. 5. Efficiency of ionization curves for SO,*, SO*, S*. 
The ion (S#0!80!8)+ is not listed in part A as a contribu- 
tion to the 68 peak. It is quite negligible, contributing only 
approximately 1 percent to the peak. The curves in the 
three parts of the figure are the ones for the most abundant 
sulphur isotope, S®. In order to avoid confusion the experi- 
mental points are not shown. The circles are the experi- 
mental points for the ions involving the isotope S*. It is 
hardly necessary to state that there is a large scale factor 
between the data involving S* and that involving S®. 


time it seemed worth while to look further for 
A®. It is now possible to say that if it exists it 
must be less than 1/300,000 of A*°. 

The writer wishes to express his appreciation 
to Professor Kenneth T. Bainbridge for his 
interest and encouragement in this work. Special 
thanks are due Dr. John Bardeen for numerous 
interesting discussions on the stability of the 
isotopes in the region studied. The search for 
S* was undertaken as the result of one of these 
conversations. The glass housing for the new 
tube used in these experiments was constructed 
by Mr. H. L. Leighton. 
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The Photoelectric Sensitization of Aluminum* 


Louis P. THEINT 
St. Louis University, St. Louis, Missouri 


(Received November 26, 1937) 


It is shown that the increase in photo-current from aluminum which had been subjected to 
hydrogen glow discharges, is dependent on the time of discharge and on the pressure of hydro- 
gen. If the target is not outgassed a rapid decay is noted after sensitization, because of diffusion 
to the surface of gas contained in the body of the metal. Results indicate that this sensitization 
is due mainly to ‘‘clean-up” of the surface of the oxide coated aluminum. Glow discharges have 
little effect on the yield from freshly evaporated aluminum. Another type of sensitization is 
effected by exposing a freshly evaporated aluminum surface to minute quantities of dry air 
The effect of the glow discharge upon a surface thus sensitized is one of desensitization. The 
current-voltage data from freshly distilled aluminum yield a curve which fits well upon the 
theoretical curve of the DuBridge theory. The curves from surfaces sensitized with air show no 
agreement with the theory. The threshold value obtained from a film of aluminum approaching 


bulk thickness is 2840A. 





HE process of photoelectric sensitization of 
alkali metals by hydrogen glow discharges 
has been the object of a considerable amount of 
research. Data on this subject are relatively 
abundant and the theory of the factors involved 
has been advancing steadily. Meanwhile, investi- 
gation of the effect of glow discharges on metals 
outside the alkali group has been neglected to a 
great extent. The process has been used at times 
to sensitize metals in the latter class, but 
generally without much attention to the factors 
controlling sensitivity. The purpose of this paper 
is to report the results of preliminary experiments 
on the sensitization of aluminum by hydrogen 
glow discharges under various conditions. The 
experiments were undertaken with the hope of 
clarifying the uncertainties concerning the effect 
on the photoelectric emission of the duration for 
the discharge, its direction and the pressure of 
hydrogen. In the first set of trials the photo- 
electric emitter was un-outgassed aluminum and 
in the later experiments an evaporated aluminum 
surface sensitized by admission into the photo- 
cell of air in minute quantities. 

The effect of the variation of film thickness 
upon the photo-current was observed, and also a 
test made of the DuBridge theory of the energy 
distribution of photoelectrons in pure aluminum. 


* Paper presented at the Madison, Wisconsin Meeting 
of the Physical Society, June 20, 1937. 
. t Now located at St. Mary’s University, San Antonio, 
exas. 


APPARATUS AND METHOD OF PROCEDURE 


The experimental photo-cell (Fig. 1) was a 
two-liter Pyrex flask with a quartz tubular 
window attached by means of a graded quartz- 
to-Pyrex seal. A thirty mil tungsten rod, led into 
the tube from the side opposite the window, 
carried the aluminum target 1.5 cm? in area. 
Freshly evaporated aluminum could be deposited 
on this target by passing heavy currents through 
three pairs of 60 mil tungsten leads, each sup- 
porting a 30 mil tungsten filament wound about 
a supply of aluminum from the same source as 
the target.! Hydrogen could be introduced into 
the system by flaming a palladium tube, and its 
pressure measured by ionization and McLeod 
gauges. Mercury vapors were trapped by means 











Fic. 1. The photo-cell. 


1The aluminum used was obtained from the Alcoa 
Laboratories through the courtesy of the chemistry de- 
partment of St. Louis University. It was guaranteed to 
contain less than 0.1 percent impurities. 
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Fic. 2. Decay of sensitivity of un-outgassed aluminum. 


of triply-distilled sodium as described by Poin- 
dexter.” The photo-cell itself and the neighboring 
glass parts were outgassed by a seven-hour 
heating at a temperature averaging 350°C. 

The circuit used for measuring the photo- 
electric current was that designed by Brown and 
DuBridge, using an FP-54 Pliotron.* With an 
input resistance of approximately 10° ohms, and 
a Leeds and Northrup high sensitivity galva- 
nometer in the plate circuit currents smaller than 
10-5 amp. were measurable. Light aluminum 
tubing was used in the shielding of leads. In the 
sensitization experiments the unresolved radia- 
tion from a G.E. mercury arc was focused upon 
the aluminum surface by a quartz lens. For the 
threshold measurements the predominant 2653A 
and 2536A lines of the same arc were used. The 
high voltage source consisted essentially of a 
filament transformer a high voltage transformer 
and an RCA 866 rectifier tube. With 3000 volts 
applied to the terminals, currents varying from 
0.0005 amp. to 0.008 amperes were obtained. 

A preliminary set of measurements of the 
effect of a 10 sec. hydrogen glow discharge, with 
the target which had not been outgassed as 
cathode, showed a twenty-fold increase in the 
photo-current measured one minute after the dis- 
charge ceased. The increase was only temporary ; 
a rapid decay ensued, the current decreasing to 
half its value within a few minutes. Therefore, in 
addition to the anticipated factors affecting the 
sensitivity, the decay factor had also to be 
considered. 


2 Poindexter, Phys. Rev. 28, 208 (1926). 
3 Brown and DuBridge, Rev. Sci. Inst. 4, 532 (1933). 
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Fic. 3. Variation of sensitivity with time of discharge. 


In the first group of experiments upon alumi- 
num which had not been outgassed, the following 
order was observed : 

1. The hydrogen pressure kept constant, the time of 
sensitization (¢) varied, and the decay curves run for each 


(t). 

2. The time of sensitization held constant and the decay 
curves plotted for various pressures of hydrogen. 

3. The time (¢’) since the cessation of discharge held 
constant, and the sensitization curves plotted for various 
hydrogen pressures. 


In the measurements made upon freshly 
evaporated aluminum which had been sensitized 
by the oxygen of the air, only the variation of 
sensitivity with time of discharge was recorded, 
since in this case no decay effects were in 
evidence. 

Current-voltage curves, from which the thresh- 
old values were calculated, were run both for 
sensitized aluminum and for a freshly evaporated 
film approaching bulk thickness. 
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Fic. 4. Decay curves of un-outgassed aluminum. 
Various pressures. 





iii i 





> of 


ach 
cay 


1eld 
ious 


hly 
zed 

of 
ed, 


in 


sh- 


for 











PHOTOELECTRIC SENSITIZATION OF ALUMINUM 289 


RESULTS 
Sensitization of un-outgassed aluminum 

In Fig. 2 the photo-current is plotted against 
the time of decay (¢’) the pressure being constant 
and the time of sensitization varying for each 
curve thus: A, 1 sec.; B, 3 sec.; C, 10 sec.; 
D, 30 sec.; E, 2 min. In these experiments the 
hydrogen was removed at different times during 
the run, as indicated by the small vertical bars 
of Fig. 2, but no decided deformation of the 
curves was noted. All the decay curves seem to 
be exponential in character. 

Figure 3 illustrates the variations in photo- 
current with time of discharge (¢), the pressure 
again being constant. In addition each particular 
curve has a constant (¢t’). The steep slope of all 
the curves at the beginning indicates that the 
initial short periods of sensitization are relatively 
more effective than the longer and later periods. 

In Fig. 4, the time of sensitization was a 
constant (2 min.), and the individual curves show 
the decay in photo-current for the pressures: 
Prin, 1.2X10-' mm Hg; Pi, 3X10-' mm Hg; 
P2, 5X10- mm Hg; Pmax, 2 cm Hg. The out- 
standing feature of these curves is not their form 
(approximately exponential as in the previous 
case) but the order of their vertical arrangement : 
P,, Pmin, P2, Pmax. This order shows there is an 
optimum pressure in the neighborhood of P, 
(0.3 mm Hg), and that the higher pressures are 
ineffective in producing sensitization. By extrapo- 
lation of the P; curve a sensitization factor of 
about 80 was obtained for ¢’=} min. 

The occurrence of an optimum pressure in the 
region of 0.3 mm Hg is brought out more clearly 
in the curves of Fig. 5; the same data being 
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Fic. 5. Optimum pressure curves. Un-outgassed aluminum. 


plotted with current and hydrogen pressure as 
the coordinates. 

Glow discharges with the aluminum target as 
anode, produced only an extremely slight in- 
crease in the photoelectric sensitivity (Fig. 6). 

A preliminary trial of the effect of the hydrogen 
discharge upon a freshly evaporated film of 
aluminum yielded a negligibly small decrease in 
the photoelectric current. An extended set of 
such tests which had been planned were pre- 
vented by the exhaustion of the aluminum in 
the spirals. 


Effect of hydrogen glow discharges on complex 
surfaces 


Pure aluminum was deposited on the target by 
slow evaporation in a high vacuum (10~* mm Hg) 
and the new surface was then sensitized by 
admission of air in minute quantities. The pro- 
cedure and the results were similar to those 
obtained by Cashman and Huxford‘ on the 
sensitization of magnesium by air and oxygen. 
Successive admissions of air up to the pressure 
10-* mm Hg increased the photo-current to a 
value about 800 times that obtained from the 
original un-outgassed specimen. Further addi- 
tions of air produced a decrease in the emission, 
the lowest value of the yield being characteristic 
of aluminum oxide. For the high sensitivity 
surface the threshold was shifted definitely into 
the visible region. An attempt to determine the 
exact threshold by the DuBridge graphical 
method was unsuccessful, since the data for such 
a surface do not follow the theoretical curve. 

Figure 7 shows the effect of the hydrogen glow 
discharge upon the emission from an aluminum 
surface which had been highly sensitized by 
small amounts of dry air. The effect is a rapid de- 
sensitization. Although each successive discharge 
produced further decrease in the photoelectric 
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Fic. 6. Decay curves. Aluminum target as anode. 


4 Cashman and Huxford, Phys. Rev. 48, 734 (1935). 
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Fic. 7. De-sensitization of an air-sensitized 
aluminum surface. 


current no decay was observed between dis- 
charge times. A complete pump-out of the 
hydrogen was made preceding each measurement 
of current. With the aluminum surface as anode 
in the discharge, the same desensitization effect 
was observed, but to a less marked extent, that 
is, the slope of the descending curve was less steep. 

A surface which had been sensitized by air and 
subsequently de-sensitized by excess of air was 
also subjected to the glow discharge. The effect 
shown in Fig. 8 is a sharp increase to a maximum 
in the photoemission, followed by a steady de- 
crease down to an end value, at which stage even 
protracted periods of discharge produced no 
further variation. 

In the process of depositing aluminum by 
evaporation, the current-thickness curve of Fig. 9 
was run. This curve shows a definite film effect 
with one intermediate maximum point. Readings 
were made after extended pumping. Analogous 
results had been observed by Stuhlmann® 
Compton and Ross‘ and others. In some cases a 
double maximum in the current thickness curve 
was obtained. The final stationary value of the 
emission from the freshly evaporated aluminum 
upon attaining bulk thickness was 135 times 
that obtained from the original un-outgassed 
specimen. 

Threshold measurements 

In the analysis of the current-voltage curves 

obtained from pure aluminum and from alumi- 


5 Stuhlmann, Phys. Rev. 13, 109 (1919). 
6 Compton and Ross, Phys. Rev. 13, 374 (1919); Rosen- 
thal, Zeits. f. Physik 99, 607 (1931). 
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Fic. 8. Effect of the hydrogen glow discharge on a 
low sensitivity complex aluminum surface. 
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Fic. 9. Variation in photoemission with film thickness. 
Freshly distilled aluminum. 


num sensitized by air, the graphical method 
developed by DuBridge’ in his theory of the 
energy distribution of photoelectrons, was applied 
in order to determine the threshold value. The 
expression he derived for the slope and tail of 
the curves of Figs. 10 and 11 is, 


log (I/x) =B+f(x—x0), 


where J is the photo-current, B a constant 
(including the temperature constant), 


xo= Vme/kRT 
and f(x- Xo) = log [e~(2-70) _ te~*(2—20) ], 


Plotting f(x — xo) vs. (xo—x) yields a theoretical 
curve of the same form as that obtained experi- 
mentally by plotting log (J/x) vs. x. To bring the 
curves into coincidence a vertical and a hori- 
zontal shift are needed, the latter being x» from 
which V,, the maximum energy at 0°K, and also 
vo, the photoelectric threshold, are determined. 

An attempt to apply the theory to the curve 
of Fig. 10, obtained from an aluminum surface 


7 DuBridge, Phys. Rev. 43, 726 (1933). 

















hod 
the 
lied 
The 
| of 


ant 


ical 
eri- 
the 
ori- 
om 
so 


rve 
ace 














PHOTOELECTRIC SENSITIZATION OF ALUMINUM 291 


sensitized by air, failed completely. It was not 
found possible to fit the experimental curve upon 
the theoretical. This curve exhibits the long 
“tail” which was found by Roehr’ and others to 
be characteristic of high temperatures as well as 
of contaminated surfaces. 

The Fig. 11 measurements were made using 
freshly evaporated aluminum, approaching bulk 
thickness, as the photoelectric emitter. The 
result of the DuBridge analysis is shown in 
Fig. 12. Although the experimental and theo- 
retical curves do not coincide as closely as those 
obtained by Roehr in his analysis of molyb- 
denum, nevertheless the agreement is good, 
considering the small number of readings taken 
and the fact that the incident light was only 
approximately monochromatic. The results seem 
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Fic. 10. Current-voltage curve. Complex aluminum surface. 





L 


2 
rs | 
| 
rc) 
] 
} 
| 


a5 














<cvansnr 
x 


























— 





° or 0.2 6.3 O.4 o.s os 


Reraapme Vourace 


Fic. 11. Current-voltage curve for freshly 
evaporated aluminum. 


5 Roehr, Phys. Rev. 44, 866 (1933). 


to justify the conclusion that at 300°K the 
DuBridge theory is valid for a pure aluminum 
surface but not for the complex surfaces produced 
by air sensitization. The photoelectric threshold 
of aluminum as determined by the analysis was 
2840A, in good agreement with recent measure- 
ments by Gaviola and Strong.® 


INTERPRETATION OF RESULTS 


Any attempt to picture the processes involved 
in the sensitization of aluminum by hydrogen 
glow discharges must take into account these 
possibilities : 

1. A clean-up of the surface by dissociation of the 
aluminum oxide coating. 

2. The sputtering effect, producing detachment of 
neutral aluminum atoms. 

3. The formation of compounds of aluminum, oxygen 
and hydrogen. 


All of these factors may enter into the process 
under a given set of conditions; or one may 
predominate to the practical exclusion of the 
others. The experiments on sensitizing un- 
outgassed aluminum, (Fig. 3) suggest that here 
the predominant action is the dissociation of 
surface oxide molecules, exposing more pure 
aluminum. This clean-up action should then 
proceed as the sensitization time is increased, 
until the photoemission reached is that of 
pure aluminum. This upper limit was never 
actually attained in the experiments described, 
but could be approached by longer treatment. 

The temporary nature of the sensitization of an 











4 





= 
on) 
ne 
+ 


r 


Les 























-2 -8 ° a.) “ oF 
(x -*) 


Fic. 12. DuBridge analysis for freshly 
evaporated aluminum. 


* Gaviola and Strong, Phys. Rev. 49, 441 (1936). 
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un-outgassed target may be attributed to the 
diffusion to the surface, of the oxygen contained 
within the body of the untreated metal. This is 
borne out by the fact that after the un-outgassed 
metal had been covered by a layer of fresh 
aluminum the decay ceased. 

The current-pressure curves (Fig. 5), reveal 
the inefficiency of the higher pressures as well as 
the existence of an optimum pressure in pro- 
ducing sensitization. If the process is predomi- 
nantly one of dissociation a fixed minimum 
amount of energy for dissociation is required. 
At the higher pressures, the bombarding hydro- 
gen ions are relatively numerous but the velocity 
over the small mean free path is not sufficient. 
The optimum pressure would be that at which 
there would exist the largest number of hydrogen 
ions, each possessing energy sufficient to break up 
the surface molecules. In the light of this 
minimum energy requisite, the ineffectiveness of 
the discharge with the target as anode is also 
understandable. Dember'® observed an increase 
in the photo-current from aluminum bombarded 
by electrons from a heated filament. This effect, 
however, took place only with light shining and 
electron stream bombarding simultaneously. 

The phenomena observed in the experiments 
on the sensitization of pure aluminum by oxygen 
are in good accord with the similar observations 
on uranium, caesium, thorium" and magnesium™ 
by other investigators. The results may be 
explained by assuming that the surface produced 
is one characterized by a sparse distribution of 
isolated aluminum atoms bound on all sides by 
aluminum oxide molecules; that is, the type of 
surface described by de Boer!’ and Kluge and 
Rupp" for alkali-metals and subsequently re- 
ferred to as the “sensitive spot” type. For a pure 
surface with a Fermi distribution of electrons, 
the photo-current should be relatively low, since 
only the electrons in the highest states are avail- 
able for ejection. In the complex surface produced 
by air-sensitization no Fermi distribution exists 
in the surface layer—individual atoms are ex- 





10 Dember, Zeits. f. Physik 33, 529 (1925). 

1 Rentschler and Henry, J. Opt. Soc. Am. 26, 30 (1936). 

12 Cashman and Huxford, Phys. Rev. 48, 734 (1935). 

13 De Boer, Electron Emission and Absorption Phenomena, 
p. 210. 

4 Kluge and Rupp, Physik. Zeits. 32, 163 (1931). 
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posed. Every quantum absorbed by these isolated 
atoms would free an electron either downward 
into the metal or outwards. This one-in-two 
chance is however greatly diminished by the fact 
that the great majority of incident quanta are 
absorbed not by the aluminum atoms but by the 
aluminum oxide whose work function is rela- 
tively high. 

Either a detachment of these ‘‘sensitive spots” 
in the complex surface or their widening by 
dissociation of the surrounding aluminum oxide 
molecules should produce a decrease in the 
emission probability. The descending curve of 
Fig. 7 thus fits well into this tentative picture of 
the process. The sputtering effect, producing 
detachment of aluminum atoms may be the 
major factor in this case—the dissociation effect 
playing only a supporting role. 

The rise and fall of sensitivity in the experi- 
ment on the effect of the glow discharge upon a 
surface desensitized by excess of air (Fig. 8) may 
be explained by assuming that the discharge 
first removes excess oxygen exposing individual 
atoms, and then detaches these by sputtering. 
Further discharges produce a decrease in the 
current down to a low limiting value, where the 
sensitivity remains constant, unaffected even by 
prolonged discharges. From the present results, 
the chemical nature of the photoelectrically in- 
sensitive end-product cannot be determined. A 
clue to its identity would probably be found in 
the exact measurement of the variations in 
threshold value. 

The assumption that the complex surface 
formed by oxygen sensitization is of the “‘sensi- 
tive spot” type is in harmony with the current- 
voltage analyses. For the pure aluminum curve 
of Fig. 11 analysis yielded the agreement pre- 
dicted by the DuBridge theory based on the 
Fermi distribution. No such agreement between 
the experimental and theoretical curves for air- 
sensitized aluminum could be found ; indeed none 
is predicted by the DuBridge theory, since the 
Fermi distribution upon which the theory is 
based does not here exist. 

In conclusion the author wishes to express his 
grateful appreciation to Dr. J. J. Brady who 
proposed this problem and whose helpful sug- 
gestions were of great value throughout the 
investigation. 
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The Effect of Cathode Material on the Second Townsend Coefficient for Ionization 
by Collision in Pure and Contaminated N, Gas 


W. E. BowLs 
University of California, Berkeley, California 


(Received November 1, 1937) 


Experiments for the measurement of the Townsend coef- 
ficients for ionization by collision were performed on pure 
N, and N:2 contaminated with Na vapor and Hg vapor. 
Cathodes of Pt, Na, and Hg were used. Values of a/p in Ne 
contaminated with Hg vapor agree with the values found 
by previous investigators using Ne of similar purity. With 
pure N; at the lower pressures and higher X/p, the values 
were seventeen percent lower than the corresponding 
values in the Hg contaminated N». At high pressure and 
low X/p, the curves differed by relatively little. With Na 
contamination which may have been accompanied by H2 
contamination, a larger increase in a/p was observed, 
which amounted at low pressure and high X/p to as much 
as twenty-four percent higher than the value for the pure 
No. The high value of a/p for Hg contaminated N: is 
explained as being partly due to the direct ionization of Hg 
vapor atoms by electrons and partly being due to the 
action of metastable Nz molecules on Hg. Imprisoned 
radiation is probably not an important factor. Because of 
the low vapor pressure of the Na, the direct electron 
ionization and the ionization by metastable molecules can 
hardly be invoked to explain the increase in a/p. One must 
conclude either that the vapor pressure of the Na at room 
temperature is far above the extrapolated values taken 
from tables, which is unlikely, or that H,2 introduced in 
the distillation of Na or Nz make a volatile compound 
with Na under excitation or action of ultraviolet light. 
The shapes of the 8/p curves plotted as f(X/p) show 
abrupt rises at certain values of X/p, definite plateaus, 
and subsequent gradual increases. These effects have 


not been observed in previous investigations where 
Hg contamination predominates, those curves rising 
asymptotically. Greater significance attaches to the 
B/a=y=n0g/a curves, which in the case of Pt and Na 
rise abruptly from zero at a given X/p to a high peak, 
then fall abruptly and rise again gradually at higher X/p. 
The rise for the Pt electrode at X/p=60 is sharp and 
occurs at a much lower X/p than any previously observed 
when low electron current densities are used. The curve 
with the Na cathode rises at a higher X/p than that for 
Pt to a lower maximum and then, after a fall, rises again. 
This is surprising, in view of the fact that the Na surface 
has a far lower work function and far greater photoelectric 
efficiency than Pt. The sharp peak in pure Ng is ascribed 
to the action of radiation either via metastable molecules 
or by some other mechanism in liberating electrons from 
the cathode. In the presence of either Hg or Na vapor 
(possibly contaminated with Hy), the metastable or 
radiative action is completely destroyed, the energy going 
to the ionization of the Hg or of the Na and H, atoms, if 
present. In the case of Na, it is possible that only the 
lower energy states are destroyed so that some of the 
higher energy states are able to reach the Na cathode. 
Hence, the small peak at higher X/p with Na. Deducting 
the peaks leads to curves for Na and Pt and to a lesser 
extent Hg which intercept the axis at an X/p between 
200 and 300. In this region, positive ions have an energy 
of the order of between two and five volts. Such ions can 
liberate secondary electrons from the cathode, and we 
have the effect of a true y. 





INTRODUCTION 


ESPITE the many studies made on the 
Townsend coefficients a and B for ionization 

by collision in gases, practically none of the work 
except that done by Penning’ and his associates 
has been carried out in such a fashion as certainly 
to avoid contamination of the gases by Hg 
vapor. Owing to the use of mercury gauges in 
measurements of pressure and the evacuation 
techniques in filling the chambers with otherwise 
pure gases, this contamination was unavoidably 
present to about 10-* mm pressure in all previous 
work. The effect of mercury vapor on the 


1 Kruithof and Penning, Physica 3, 515 (1936). 


? Kruithof and Penning, Physica 4, 430 (1937). 
* Kruithof and Druyvesteyn, Physica 4, 450 (1937). 


coefficient @ in inert gases has been amply shown 
by Penning.‘ Furthermore, all electrode surfaces 
in such gases are coated with monomolecular or 
thicker layers of Hg as a result of evacuation of 
the chamber. Hence any value obtained in 
earlier work for the second coefficient 8, which 
recent work has indicated to be a cathode 
mechanism, has been that due to a Hg con- 
taminated surface.’ It is the purpose of this 
investigation by careful elimination of Hg vapor 
to determine the second Townsend coefficient 8, 
or better its more significant correlate’ y=8/a 
for surfaces of Pt and Pt coated with Na in a 
molecular gas, Ne. The choice of Ne was in a 


4F, M. Penning, Phil. Mag. 11, 979 (1931). 
*L. B. Loeb, Rev. Mod. Phys. 8, 267 (1936). 
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Fic. 1. Diagram of apparatus. 


sense unfortunate since Nez has metastable and 
active states which complicate the results. Had 
the importance of these states been recognized 
at the start the gas used would have been Hye 
which is now under investigation in this labora- 
tory instead of Ne. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


The experimental arrangement is shown in 
Fig. 1. The potential was supplied by a bank of 
batteries, A. The positive side was connected to 
ground and the negative side to one fixed 
terminal of a slide wire rheostat, B. A few cells 
were connected across the rheostat and the 
sliding contact was connected to the illuminated 
plate of the ionization chamber through the 
switch, 5S, The potential was measured by 
means of a standard cell, the resistance R and 
the potentiometer P. The resistances of the plug 
box, ratio box, and potentiometer and the e.mf. 
of the standard cell were accurate to within a 
few one-hundredths of one percent. Switches S; 
and Sz: were used to connect the cathode of the 
ionization chamber J either to the potential 
source or to ground. Both were fitted with 
platinum contacts and mechanically connected 
so that when one opened the other closed. 
Switch S; connected the anode of the ionization 
chamber to the electrometer. Under the system 
of measurement used by the writer S; was kept 
closed but was used in testing for electrical leaks. 
Switch S; was connected to ground and was used 
during the application of potential to the 
chamber and was also used to remove charge 
from the electrometer. Switch S; was used to 
connect the sulphur-insulated cylindrical con- 
denser C in parallel with the electrometer when 
the ionization currents became large. The 
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ionization currents were measured by the rate of 
deflection method using the quadrant elec- 
trometer £. As a result of varying the capacity 
and the interval of making measurements, 
currents ranging from 3X10-" to 2x10-" 
amperes were capable of being measured. 

The ionization chamber is shown in detail in 
Fig. 2. The internal parts of the chamber were 
electrically shielded from the glass walls by the 
monel metal screen A, which was connected to 
ground. The cathode B was 3.8 centimeters in 
diameter. The cathode consisted of a 0.007” 
platinum surface mounted on a quartz plate. 
The anode D was made of nickel and was of the 
same diameter as the cathode. It was supported 
by the threaded rod E£. This rod was connected 
at its upper end to the iron armature F by means 
of the threaded arms a. The armature was held 
at a constant height by the hollow cylinder H, 
concentric with the hollow cylinder J inside of 
which the rod moved. The armature was turned 
by an electromagnet. The rod E was kept from 
turning by a set screw K which fitted in a vertical 
slot in the rod. By these arrangements the anode 
could be set at any desired distance from the 
cathode. The plates were parallel to within a 
few tenths of one percent. The plate separation 
was read through a plane glass window with the 
aid of a cathetometer. Tube M contained the 
capsule N, into which sodium had been distilled, 
and the ballbearing R used for breaking the cap- 
sule. The ultraviolet radiation entered through a 
quartz window and fell on the lower plate. 

Before the chamber was assembled, its glass 
and metal parts were cleaned with acid, grain 
alcohol, and distilled water, and great care was 
taken to prevent mercury vapor from coming into 
contact with any of the parts. After the tube was 
assembled a lubricated Apiezone stopcock was 
placed between the tube and a liquid-air trap. 
The stopcock was kept closed at all times unless 
liquid air completely surrounded the trap. The 
chamber was outgassed at 375°C for several 
hours. 

During the course of the experiment, mercury 
was purposely admitted to the chamber. Com- 
plete removal of the mercury necessitated 
dismantling the entire chamber and cleaning each 
part with concentrated nitric acid. 

The sodium used for coating the cathode was 
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purified by repeated vacuum distillation before 
it was distilled into the capsule. Although the 
sodium may not have been absolutely pure, a 
surface was obtained that was so sensitive to 
ordinary light that it was necessary to enclose 
the chamber in a heavy black cloth and to 
darken the room to prevent photoelectrons from 
coming from the surface. In addition, the ultra- 
violet source was replaced by a Mazda lamp to 
keep the photoelectric current density from 
becoming large enough to cause space charge 
distortion.® 

The usual source of radiation was a quartz 
mercury arc operated on 220 volts. A variable 
aperture was placed near the arc and an image 
of this aperture was formed at the center of the 
cathode by a quartz lens. The field between the 
plates was investigated by means of a full size 
cross-section model of the plates and found to be 
sensibly uniform over an area larger than that 
covered by the ultraviolet light. 

Tank nitrogen was passed through a purifying 
train consisting of heated copper filings, CaCls, 
and P2O;. It was then passed very slowly through 
two liquid-air traps and admitted to the chamber. 
The pressure was measured by a McLeod gauge, 
which was accurate to one-half of one percent or 
better. Gas pressures were always reduced to a 
standard temperature of 22°C and hence all data 
given in this paper refer to this temperature. 

Measurements were made by applying the 
field and measuring the current by a rate of 
deflection method. Each current was measured 
by five deflections which were corrected for 
leakage currents with no illumination. The usual 
mean deviation of the five readings was less than 
one and one-half percent. 

The plate separation was varied and similar 
current measurements were made for the same 
field strength. The observations usually covered 
a range of plate separations varying from one to 
2.2 cm at intervals of one mm except at the 
higher plate distances where the intervals were 
0.5 mm. In most cases a current was measured 
for a plate separation within 0.5 mm of sparking. 
These plate separations were always changed 
from smaller to larger values. 

The sequence of measurements under different 


6 Varney, White, Loeb and Posin, Phys. Rev. 48, 818 
(1935). 


conditions were as follows: A few runs using a 
platinum cathode were first made. Since these 
indicated a low value of a/p, mercury was 
admitted and three mercury runs for a/p were 
taken. The mercury was removed by dis- 
mantling and cleaning. The tube was reassembled 
and runs covering a range of X/p from 65 to 
1000 were made. Sodium was then distilled onto 
the plates and a range of X/p extending from 
155 to 1050 was covered. In removing the sodium 
by use of water, the armature stuck to the 
threaded rod. The tube was partially dismantled 
and the armature loosened. After the tube was 
reassembled, several runs were taken, scattered 
over the range of 59 to 660. Mercury was then 
admitted to the chamber and several runs were 
taken for both a/p and 8/p. As a final check the 
mercury was again removed and two values of 
a/p and B/p in the lower range of X/p were 
found for the platinum cathode. 


EXPERIMENTAL RESULTS 


Curves giving 1/p log i/ig as a function of 
plate distance are shown in Figs. 3 and 4. The 
slopes of the lower portions of these curves give 
a/p directly.’ These curves are typical ones 
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Fic. 2. Ionization chamber. 
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7 For terminology and the treatment and interpretation 
of the data the reader is referred to Loeb’s summary of 
this field in Rev. Mod. Phys. 8, 267 (1936). 
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Fic. 3. Curves of various values of X/p from which the 
value of a/p may be obtained. 


obtained with a platinum cathode. Curves of 
similar forms were obtained for the sodium and 
mercury covered cathodes. The values of a and 
of i9 were determined by the method of least 
squares from the actual observations, by using 
data corresponding to the lower parts of the 
curves, where they are sensibly linear in form. 
A value of B was obtained for each value of a 
and ip by use of the Townsend equation 


(a—p)es-M= 
; 8 


1=19 ° 
a— Bele-4 = 





In general, five to eight values of 8 were com- 
puted from the upcurved portion of the figures. 
The values of 6 chosen were not least square 
averages but were determined by the average B 
that gave the best fit to the observed curves. 
Similar methods have been used by others.!: ? 
The first values of a/p that were obtained 
were several percent lower than corresponding 
values found by previous investigators. A 
thorough check of the writer’s experimental 
arrangement and technique of obtaining results 
was made and no cause for the apparently low 
values was found. Next, a survey of the literature 
revealed that mercury was probably present in 
the ionization chambers of the previous investi- 
gators. In the chambers of Townsend and 
Hurst® and of Posin,” liquid mercury was 
present as a necessary part of the chambers. 


8 J. S. Townsend, Electricity in Gases. 
*H. E. Hurst, Phil. Mag. 11, 535 (1906). 
1D. Q. Posin, Phys. Rev. 50, 650 (1936). 
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Fic. 4. Curves of various values of X/p from which the 
value of a/p may be obtained. 


In the papers of Masch," Gill” and of Ayres® no 
mention was made of keeping the mercury of the 
McLeod gauges out of the chambers. While 
these chambers were evacuated, mercury vapor 
from the McLeod gauges would have passed into 
the ionization chambers and contaminated the 
nitrogen. In order to ascertain if mercury vapor 
was a contributing factor to the high results of 
these workers, mercury was admitted to the 
writer’s ionization chamber. The values of a/p 
then obtained were in close agreement with 
those of Townsend. 

The values of a/p as f(X/p) for the three 
cathodes investigated are shown in Fig. 5. The 
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Fic. 5. Values of a/p as a function of X/p. 


11K, Masch, Archiv. f. Elek. 26, 589 (1932). 
2 E,W. Gill, Phil. Mag. 42, 852 (1921). 
8 T, L, R. Ayres, Phil. Mag. 45, 353 (1923). 
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values of Townsend are represented by crosses 
and the values obtained by the writer for 
mercury-contaminated nitrogen are represented 
by triangles. A curve drawn through Townsend's 
observed points is seen to fit my observations as 
closely as it fits his. At the lower values of X/p 
this curve is scarcely distinguishable from my 
curve for pure nitrogen drawn through the 
circled observed points. At higher values of X/p 
the curve for pure nitrogen is as much as seven- 
teen percent lower than the Townsend curve. 
The results for the case of a sodium cathode are 
shown as squares. At the higher values of X/p 
the nitrogen curve is approximately twenty-four 
percent lower than the sodium curve. The values 
of a/p in the latter case are more erratic than in 
the other cases studied. The probable errors are 
correspondingly larger. 

In the case of a platinum cathode a value of 8 
was obtained for an X/p of 65, but no value of 
B existed at an X/p of 59. These results are 
shown graphically in Fig. 3. A complete variation 
of B/p with X/p for the three cathodes is shown 
in Fig. 6. The same designations are employed as 
were previously used for a/p. 

The variation of B/a=y or n@g/a with X/p is 
shown in Fig. 7. The values of Posin® for a 
mercury-covered cathode are shown as black 
circles, and a curve is drawn through his points. 
The other designations are the same as those 
previously used. 
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Fic. 6. Values of 8/p as a function of X/p. (The circle 


appearing at an X/p of about 840 on the Na curve should 
be a square.) 


DISCUSSION AND INTERPRETATION 


The three methods by which a/p could be 
increased by the presence of impurities of 
mercury or sodium vapor in the nitrogen are 
ionization of the impurity by (1) electron impact, 
(2) metastable nitrogen, and (3) imprisoned 
radiation. 


MERCURY 


1. Quantitative calculations show that the 
high values of a/p that were obtained when 
mercury vapor was present may be partly 
explained as direct ionization of the mercury 
atoms by electrons. The vapor pressure of 
mercury at 22°C is 1.43X10-* mm and con- 
sequently the number of mercury atoms present 
in the nitrogen is quite large. Since the first 
ionization potential of nitrogen is 16.7 volts and 
that of mercury is 10.4 volts, the latter should 
show a preferential ionization relative to that 
for nitrogen despite the paucity of mercury 
atoms. 

The calculations utilized (1) the above data, 
(2) the efficiencies of ionization of electrons of 
known energies in nitrogen and mercury vapor 
as given by P. T. Smith," (3) the Maxwell law 
of distribution of energies of electrons in an 
electric field, and (4) the experimental value of 
Townsend! for the average energy of an electron 
in nitrogen in an electric field. 

These calculations showed that direct electron 
ionization of mercury vapor could account for an 
increase of a/p of the order of one percent at a 
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4 P. T. Smith, Phys. Rev. 37, 808 (1931). 
8 J. S. Townsend, Phil. Mag. 42, 873 (1921). 
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value of X/p of 100. At this value of X/p the 
a/p value for the mixture is higher than that for 
pure nitrogen by about six percent. We must, 
however, remember that this result was obtained 
by assuming a Maxwell distribution of energies. 
It has been shown in the recent work of Nielsen 
and Bradbury" and H. W. Allen that, depending 
on the change of electron free paths with energy, 
the distribution law may be far different from 
the Maxwell law. Since in nitrogen the Ramsauer 
free paths vary rapidly with energy, the cal- 
culated contribution of mercury to a/p may be 
too small. 

For large values of X/p the gas pressure is 
smaller than for low values of X/p and therefore 
the fraction of mercury atoms present in the 
nitrogen is larger for the high values of X/p. 
Although the efficiency of ionization in mercury 
relative to that in nitrogen is less at high values 
of X/p than it is at low values, calculations 
showed that because of the fractional increase of 
mercury atoms the percent contribution of 
mercury to a/p should be greater for the high 
values of X/p. 

2. Although the energy of the metastable 
state of the nitrogen molecule that is generally 
quoted is about 8.2 volts, a value of 9.77 volts 
is given as the probable energy by Saha and 
Mathur."’ The latter value is still too small by 
0.62 volt to ionize mercury, but Mulliken'® has 
found that energies of 10.4 volts can be trans- 
ferred by active nitrogen. This latter amount of 
energy is sufficient to ionize mercury, and it is 
possible that metastable molecules of nitrogen 
contribute to the high values of a/p in the case 
of a mercury contamination. Kruithof'? and 
Penning found that the values of a/p in neon 
containing a small amount of argon were very 
much higher than the values found in pure neon. 
As an example of the increase of a/p, the values 
at X/p=10 are chosen. In pure neon the value 
is 0.050 and in the mixture containing one-tenth 
percent argon the value is 0.322. This increase 
was proven to be due to ionization of argon by 
metastable neon atoms. 

If more data regarding the energies and life- 


1% Nielsen and Bradbury, Phys. Rev. 51, 69 (1937): 
Phys. Rev. 50, 950 (1936). 
( — and Mathur, Proc. Nat. Acad. Sc. India 6, 120 
1936). 

18R.S. Mulliken, Phys. Rev. 32, 186 (1928). 
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times of the metastable states of nitrogen were 
available, calculations could be made to deter- 
mine the percent contribution of this mechanism 
to a/p. Since, however, we know nothing about 
the metastable states we can state only that this 
mechanism may have been active and could have 
been the predominating one. There is evidence 
that mercury vapor removes some exceedingly 
active agent instead of permitting it to reach 
the cathode. This agent cannot be a positive ion 
and must be either a radiation ora metastablestate. 

3. There is a possibility of ionization of the 
mercury vapor by radiation imprisoned in the 
gas. This process might account for some of the 
rise of a/p in the mixed gas, but it is the least 
likely mechanism and may not even exist in 
nitrogen. 


SoDIUM 


The three mechanisms that cause the high 
values of a/p in the case of a mercury contam- 
ination must also be active in the case of a so- 
dium contamination. The problem, however, is 
complicated in the case of sodium by its exceed- 
ingly low vapor pressure at ordinary tempera- 
tures. On the other hand, it is simplified by the 
low ionization potential of sodium (5.12 volts). 
This potential is so low that there is no doubt as 
to the ability of metastable and active nitrogen 
to ionize sodium. 

The vapor pressure of sodium is not known at 
room temperature but estimates place it at 
about 10- mm of mercury. This means that 
there are present only 10° atoms of sodium per 
cm’, For this reason ionization of the sodium 
vapor by electron impact can contribute very 
little to the value of a/p in spite of the low 
ionization potential. Ionization by imprisoned 
radiation and metastable ionization may be im- 
portant but they could not contribute sufficient 
ionization to cause the observed increases of a/p 
in the case of the sodium contamination. One 
might question the validity of the extrapolated 
value for the vapor pressure of sodium. It is 
doubtful however if these could be so badly in 
error as to account for the effects observed with 
sodium which requires a pressure of at least 10~° 
mm to be effective. 

There is a possibility suggested by N. E. 
Bradbury that, despite repeated fractional distil- 
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lation of the Na in vacuum, it still carried with it 
some He gas. The danger of contamination by He 
from the Na is sufficiently well known so that 
one cannot ignore the possibility. With the 
technique of filling the chamber, it would not 
have been impossible to have had 10-° to 10-° 
mm pressure of He gas present in the Ne as a 
result of distillation of Na into the chamber. 
According to Joseph Kaplan, He is a most active 
agent in destroying the metastable states of Noe. 
In the present chamber with baking out and in 
the absence of Na the chance of He contamina- 
tion is small. The distillation of the Na, however, 
could introduce the pressure of He suggested. 
He ionizes at 15.3 volts and dissociates at 4.36 
volts. H is ionized at 10.3 volts. It is clear that 
the He cannot be directly much more effectively 
ionized by electron impact than N; of ionization 
potential 16.7 volts. Nor can He be ionized 
directly by metastable states in Ne. Hence, one 
cannot ascribe the increase in a to the direct 
ionization of Hz by electron impact or meta- 
stables, as was possibly the case with Hg. On the 
other hand with many metastables the He could 
be completely dissociated by the Nz metastables 
of low energy. The metastables of higher energy 
could ionize the H atoms, or, if these were 
present in appreciable numbers, they might be 
ionized by electron impact more effectively than 
is Ne. In this fashion, it is conceivable that a in 
N2 in the presence of Na with its Hz contam- 
ination could be increased above that in the 
absence of Na. 

While the process suggested may seem some- 
what unlikely, it is, if one accepts the low con- 
centration of Na atoms, the only possible way 
to account for the increase of a with Na in N».* 


THE SIGNIFICANCE OF 6 


By referring to Fig. 6, we see that the B/p 
curve for platinum differs greatly from the curves 
for mercury and sodium. The platinum curve 
starts at an X/p of about 65 and rises rather 


* Note added in proof.—The results of Florence Ehren- 
krantz on sparking potentials in N, with Na and Pt elec- 
trodes in progress here are in perfect agreement with these 
findings. Miss Ehrenkrantz has just shown that contamina- 
tion of pure Nz with Hg free Pt electrodes by up to 5 per- 
cent H, does not alter the sparking potential appreciably. 
Thus H, in the absence of Na cannot cause the increase of 
a observed. The results indicate the presence of some vola- 
tile Na compound formed in the process of sparking. 


abruptly to a plateau extending from 140 to 240. 
The spread of values in this region is rather large 
but a sufficient number of points was obtained to 
indicate a definite flattening of the curve. The 
rise at an X/p of 65 was unexpected because of 
the fact that other observers had not obtained a 
measurable 8 below 100. Townsend had observed 
a slight departure from ionization by electrons 
alone, as low as 44, but stated that 6 was very 
small and the first numerical value quoted by 
him was for an X/p of 131. Posin® had obtained 
a value of 6 at 100. No one had observed a flat- 
tening of the curve. At the high values of X/p 
the curve for platinum lies above the other 
curves and is of the same form as those found by 
previous investigators. 

The curve for sodium starts at an X/p of about 
140 or possibly somewhat lower. There appears 
to be a plateau, after the gradual rise of 8/p, 
extending from 300 to 350. In general, the 
sodium curve rises more slowly than the platinum 
one and the 6/p values are very much smaller 
than for platinum. 

The mercury curve is typical of the results 
obtained by former investigators,*: * regardless 
of the apparent material of the cathode, since a 
mercury coating was probably always present 
on the cathode. The data of Townsend were 
somewhat erratic at the higher values of X/p. 
At the lower values the writer’s results lay on the 


- Townsend curve. The results were higher than 


those obtained by Posin, who used a brass 
cathode heavily coated with Hg. The differences 
in the shapes of the 8/p curves for different 
cathode materials indicate that the secondary 
ionizing mechanism is not ionization by positive 
ions in the gas. This is in agreement with the 
cumulative evidence from other fields, which 
indicates that under the conditions of these 
experiments a positive ion cannot possibly gain 
enough energy to ionize a gas molecule.*: '* 
Other mechanisms must, therefore, be considered. 


CATHODE MECHANISMS 


For the discussion of these mechanisms, con- 
siderations presented by Loeb® show that we 


1 Holst and Oosterhuis, Phil. Mag. 46, 1117 (1923). 


20Sutton and Mouzon, Phys. Rev. 35, 695 (1930); O. 
Beeck, Physik. Zeits. 35, 36 (1934); R. N. Varney, Phys. 
Rev. 47, 483 (1935). 
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should plot B/a=y=n6g/a as a function of X/p, 
representing electron liberation at the cathode 
by positive ion impact (y) or photoelectric 
liberation at the cathode (n@g/a). By referring to 
Fig. 7, we see quite striking curves for the vari- 
ation of y or 7@g/a with X/p. The curve for 
platinum rises steeply at*low values of X/p. A 
sharp peak is reached at about 100. The curve 
then falls rapidly until it arrives at the X/p 
region of 240. It then rises more slowly with 
increasing values of X/p. The sodium curve 
rises less steeply and at higher values of X/p. 
The peak is broader and very much lower. The 
gradual rise resembles that of platinum. Com- 
plete curves of this character have never been 
observed previously. The curves of Penning and 
his co-workers, however, indicate that such a 
peak exists at low values of X/p for both very 
pure neon and very pure argon. The values of y 
or n@g/a observed by the writer for the mercury 
surface agree fairly well with those of Posin. 

The average electron energy at which the 
platinum curve first rises is about 4.8 volts.!® At 
this average energy value the probability of 
ionizing nitrogen will be distinctly smaller than 
the probability of exciting it. As the values of 
X/p increase the average electron energy in- 
creases and the probability of excitation increases 
relative to the probability of ionization. When 
still higher values of X/p are reached, the 
probability of ionization increases relative to the 
probability of excitation. Under these conditions 
6/a should at first rise and then decline with 
increasing X/p. It is likely that the point at 
which @/a decreases is at considerably higher 
energies than the point X/p=100 at which the 
curve begins to decline. It is, therefore, doubtful 
whether the expected behavior of @/a will 
account for the curve observed for a platinum 
cathode. Again, because of the absence of experi- 
mental data on the relative values of @ and a 
and a distribution of electron energies in nitrogen, 
we are unable to speculate further regarding this 
matter. 

The curves of Penning'~* and his co-workers 
were obtained by using pure neon and pure 
argon, and copper cathodes. The current den- 
sities of the order of 10~-* amp./cm? used in the 
experiments were so high that really accurate 
values of y could not have been obtained because 


BOWLS 


of space charge distortion. It was, furthermore, 
impossible in these experiments to evaluate y in 
the X/p region equivalent to low values of X/p 
in nitrogen. 

Penning’s curves in argon and in neon indi- 
cated a behavior similar to that in the region 
ABC of the curve for platinum. With the 
introduction of a small amount of argon to the 
neon, the curve partook characteristically of 
the shape of my mercury curve between D 
and £. It is thus seen that with the removal of 
the neon metastable atoms as a result of impact 
with the argon atoms, the shape of the curve 
changed and the values of y were less than they 
had been in pure neon. 

It is, therefore, not unreasonable to assume 
that in the present experiments the peak at low 
values of X/p in the absence of mercury is due 
to some action at the cathode depending on 
excited molecules. The effect of adding mercury 
was to destroy the ionizing agent (imprisoned. 
radiation or metastable molecules) before it 
reached the cathode. That this action took 
place was also indicated by the increase in a/p 
with the addition of mercury vapor. 

In the case of sodium the resulting y curve is 
quite surprising. A sodium coated surface in 
vacuum has a work function of the order of two 
volts whereas that of platinum is about 4.8 
volts. One would, therefore, have expected an 
enormous photoelectric liberation from the 
sodium surface relative to that from platinum. 
That the surface of the cathode was effectively 
coated and that it had a low work function was 
shown by the copious electron emission when 
light from a Mazda lamp was incident on the 
surface. 

The curve for sodium does show an effect 
similar to that found in the case of platinum, 
but it rises at a higher energy and has a much 
lower and broader peak. It is possible to ascribe 
the shift of the peak toward higher energies to 
the great efficiency of sodium vapor in destroying 
the low energy states and so the soft radiation, 
and to ascribe the appearance of the small peak 
to the ability of high energy states and hard 
radiation to reach the cathode. 

In view of the small concentration of Na 
vapor, the action suggested above might be 
questioned. It is, however, possible that with 
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the Na there was present perhaps as much as 
10-° mm pressure of He. The possibility of some 
contamination by Hg is indicated by the extreme 
photosensitivity of the Na coated cathode. Such 
activity in photo-cells is indicative of hydride 
formation on the Na surface. In any case, it 
would not be difficult to ascribe a very material 
destruction of the Ne excited and metastable 
states which could have been active at the 
cathode in the absence of Na to the presence of 
H. contamination. 

When the effects of the peaks are deducted, all 
of the curves indicate a rise from zero that is 
fairly sharp and in the X/p region between 200 
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and 300. In this region the positive ions strike 
the cathode with energies in the range of two to 
five volts. It is natural to ascribe these rises to 
positive ion bombardment of the cathodes. These 
rises, then, represent the true y proposed by 
Townsend and Thomson and strongly favored 
by Holst, Oosterhuis, Penning and Druyvesteyn. 

In conclusion the writer desires to express his 
thanks to Professor L. B. Loeb under whose 
direction this work was done, for his guidance in 
its prosecution and for his aid in the interpreta- 
tion of the results. His thanks are also due to 
Mr. W. R. Stamper for his aid in the construc- 
tion of the apparatus. 
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A well-known method of computing magnetostrains, as the strains necessary to minimize 
the sum of magnetic and elastic potential energies, is improved in detail, extended to include 
terms dependent upon the structure of atomic magnets, and is applied in the cases of body- 
centered cubic iron, face-centered cubic nickel and hexagonal close-packed cobalt. It is shown 
that magnetostriction is not important in fixing directions of easiest magnetization in these 


crystals, 


N a crystal composed of atoms having per- 

manent magnetic moments the potential 
energy density includes terms depending upon 
these moments and upon their mean relative 
positions. Such magnetic terms are therefore 
strain-sensitive. The potential energy density 
also contains terms depending only upon the 
strain components of any existing strain and 
upon the several elastic moduli characteristic of 
the crystal. It is apparent, therefore, that a 
crystal under no applied forces will assume 
whatever state of strain and magnetization that 
may be required to make the sum of its magnetic 
and elastic potential energies minimum. If both 
strain and magnetization are uniform throughout 
the crystal the total potential energy is propor- 
tional to the potential energy density, also 
homogeneous, which will be denoted by EZ. 

In nonferromagnetic crystals the magnetiza- 
tion under no forces will be zero and the self- 


imposed strain associated with the presence of 
atomic magnets cannot be separated from strains 
associated with other interatomic forces. In a 
ferromagnetic crystal the magnetization persists 
under no applied magnetic forces, so that the 
equilibrium between magnetic and elastic forces 
can be investigated. The magnetic part of the 
energy E, say E,,, will in general depend upon the 
direction along which the axes of the atomic 
magnets are lined up, that is upon the unit 
vector p in the direction of magnetization. In one 
case of great interest £,, seems at first glance to 
be independent of p. 

If the atomic magnets are magnetic dipoles 
(point magnets) and if their loci have strictly 
cubic symmetry, £,, in an unbounded crystal is 
independent of p. As Akulov' first pointed out, 
this equilibrium at zero strain is unstable. If the 
elastic potential energy is denoted by £, the 

1N.S. Akulov, Zeits. f. Physik 52, 389-405 (1928). 
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state of affairs gives E,=0 and E,=0 so that 
E,+E.=0. But E,, is a linear function of strain 
components, E, is a quadratic function, so that 
a type of strain can always be found for which 
E,, begins to grow negatively faster than E, 
grows positively, so that E,+£,<0 for small 
strains of this type. The same difference in the 
functions E,, and E, ensures that a limiting 
strain will be reached, so that £,,+2£, will 
always have a minimum. At this minimum it is 
easy to see that £,,= —2E.. It is also clear that 
the necessary strain (magnetostrain) will not be 
a mere dilatation. 

In the absence of an applied magnetic field, p 
will automatically find one of the so-called direc- 
tions of easiest magnetization, for which the 
minimum in (E,,+£,) is lowest. In a magnetic 
field H, not along one of the directions of easiest 
magnetization the potential energy density con- 
tains the additional term —(H,-I) = —(H.:p)J 
_ and a different state of strain will be necessary 
to minimize 

E=E,,+£.—(Ha.:p)l. (1) 


For random directions of H, the problem is com- 
plicated by the difficulty of finding the equi- 
librium direction for p, which is explicitly in- 
volved in the last term on the right-hand side of 
Eq. (1), implicitly in E,,. If H. is along any axis 
of symmetry in the crystal it is possible to find 
a magnitude for H, high enough to keep p 
parallel to H,. Under these conditions it is only 
necessary to minimize (E,,+£.) with p constant. 

In noncubic dipole arrays and in all cases 
where atomic magnets are more extensive than 
dipoles E,, is no longer zero at zero strain for all 
directions of p. Denote its more general value at 
zero strain by 9E». 

In an earlier paper,’ hereafter designated as 
l.c., formulae for 9£,,, there called E, are given 
for cubic and hexagonal crystals with atomic 
magnets more complicated than dipoles, and 
distributions of magnetic moment making dif- 
‘ferences in o£, fairly consistent with observed 
differences in (Z,,+£.) for various important 
directions of p in iron, nickel, cobalt and some 
of their alloys, are suggested. In this analysis 

2. W. McKeehan, Phys. Rev. 52, 18-30, 527 (1937). 
It may be noted, though unimportant here, that Eq. (29a) 


really gives (21/20)Se0, Eq. (29b) gives (99/10)S¢0, not 
Seo in each case as printed. 
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the quantities compared actually differed by 
(En—oEm+E.)=—E., and it was pointed out 
in lc. that including this difference might 
somewhat alter the results there presented. The 
present analysis allows a direct computation of 
the magnetostrain as above defined and shows 
that the error committed in ignoring —E, was 
actually negligible. 

The method here used for computing E,, is 
based upon that of Akulov,' and is straight- 
forward. We start with Eq. (6) of lL.c.,? omit 
sextupole terms to shorten subsequent work, and 
have 

oem = —(NP?/ Va*)[ FeS2+ FSq]. (2) 


Then in general 
En= (1+A).En, (3) 


where A is an operator equivalent to the applica- 
tion of a homogeneous strain of tensor com- 
ponents, A ;;, Ai;. The convention regarding sub- 
scripts is that 7, j, k always refer to different 
rectangular coordinate axes, as many of which 
as possible are chosen parallel to crystallographic 
axes. This necessitates writing both A;; and Aj; 
for the unrestricted tensor component. Further- 
more, each permutation of subscripts is counted 
separately, so that, for example, >°A;; contains 
six terms rather than three. 

In the notation of Eqs. (2) and (3) what 
Akulov really did was to compute an energy 
density 


vEm = —(NP?/V)(1+A)(a-*F2S2). (4) 


This amounts to supposing that the volume, Il, 
of a unit cell of the space-lattice remains un- 
altered no matter how its dimensions are changed 
by straining. In first recomputation of the coef- 
ficients appearing in £,, this procedure was 
followed,*? but now the more logical procedure of 
Eq. (3), in which V may vary, is preferred. 
Both S2 and S, are put into rapidly convergent 
forms before operator A is applied. The mag- 
netic moment per atom, P, and its distribution 
about the atom center, which fixes Fy, are 
regarded as invariant under A. The integers NV 
and F.,(=1) are naturally also invariant. The 
assumption that P is unaffected by strain re- 


3L. W. McKeehan, Phys. Rev. 43, 1022—1024 (1933). 
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TABLE I. (Part 1) Formula for the coefficients of Sy... 











1 = 8 Dn,g,(x) 

v2 = 8 Dn,-x*go(x) 

¥3 = BF Dn,x'g;(x) 

ve= &Dn,[ 7577? }*r- 4x 425 (x) 


¥s= €3/3(m)* 
¥6= wUfn, exp (— 12g?/€*) 
v7 = wh fng( 1+ 22g?/e*?) exp (— w*q?/e?) 


¥s = 2Zfn,/ gi27q? lq *(1 + 32q?/ €) exp (— r2q?/e?) 





Coefficients in Eq. (6) 





























v1 v2 v3 vs v5 v6 | i | a 
Seo |—1/2|+1/6 +2 |—2 3| | 
Seis [1/2 —1/2| —2 |+4/3 |} —4 
Son +1/3 |}-—1/6|+3/2 +4/3|—4/3|} +12 
os 41/3 1 44/3 | ie ° 











* Square brackets are used to indicate mean values of the quantities 
enclosed. 


quires further justification. If this be admitted, 
however, the constancy of F; is highly probable. 

Equation (3) can be expanded like Eq. (2) so 
as to separate terms arising in S2 from those 
arising in S,. Thus 


En= —(NP?/Va*)[F2Sea+ FS | (5) 


where the terms in square brackets are pure 
numbers, F2 and F; being the same as in Eq. (2). 
Also as before S24 and S44 can be separated into 
terms depending upon individual strain com- 
ponents and functions of pi, p2, p3 the com- 
ponents of p, that is the direction cosines of the 
magnetization. The results are, for cubic crystals, 


Sea = S200 + S2ii A i+ S211 A sip? 
+S22323>_A ijpip;, (6) 


INTERACTION 


IN CRYSTALS 





42323 

Sin ital 
Saiigans 
Sao2201 1 


PRIMITIVE 


2.0944 
— 1.0162 
9.5177 
2.1564 
3.1082 
— 6.7567 
27.5736 
0.9471 
— 32.1692 
9.9984 

— 6.6296 


| Bopy- 
: 


CENTERED 


4.1888 

— 8.1417 
—0.7077 
— 7.9058 
— 3.1065 
12.9293 
83.6175 
23 7591 
— 97.5538 
— 53.2277 
— 166.3138 
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TABLE II. Numerical values of S:, and S4, for cubic crystals. 


| > 
| FACE- 
CENTERED 


8.3776 

— 15.9639 
— 2.3736 
— 15.1727 
— 7.5257 
0.3118 

— 355.6216 
— 66.4842 
414.8918 
88.1260 
465.3894 














S1a = Sso0l1— (5/2) Vp 2p,?} + Si ii 

+ SnD p+ Sa2323D A sip ip; 

+ Syd A apt + Sasieess( A i) Dp? p;? 
+S4032311),A ijPipipx?. (7) 


Subscripts to S are assigned by adding to 2 or 
4 all the subscripts appearing in the unab- 
breviated first term in the affected sum when 
arranged in natural cyclic order. Letters 7i appear 
if (>°A,;) is a factor, and terms of this sort have 
been picked out wherever possible so that the 
effect of dilatationless strains will be easier to 
calculate. 

All the coefficients S2, and Sy, are numbers to 
be found by suitable summations over the points 
at which atomic magnets are centered, which 
usually include points of the space-lattice defin- 
ing the crystal, and over the points of a lattice 
reciprocal to that of the crystal. Some of these 
have been given in l.c.* and in previous papers 





TABLE I. (Part 2) Formulas for the coefficients of S4,. 











6, = &Dn,go(x) 

bg = €Dn,x*g;(x) 

63 = &Dn,x4g4(x) 

54 = & Dn, [75277 lr x1 g4(x) 
65 = &Dn,x°g5(x) 

bg = D5Dn,[ 17527 ;* r~*x*g5(x) 
67 = &Dn,7;*ro*rs?r x8 g5(x) 


bs = €/5(a)? 

by = w*Zfngg? exp (— r*q?/e*) 

510 = 77D fngl_gi2g;_]g~* exp (— 37g? /€*) 

51, = w*2Dfngg?(1 + 32q?/e?) exp (— r*g?/*) 

512 = wD fn gl gi2g? lg 2( 1+ 32q?/e*) exp (— 32g*/e*) 
513 = wD fngqirqe’qs’q “(1 + w2q?/€*) exp (— w*q?/e*) 





Coefficients in Eq. (7) 





























61 62 63 54 65 56 br bs bo 610 én bi2 bis 
Ses 41/8 |—1/12| +1/72 |—1/12 ~1 |+2/9 | -4/3 
S400 —1/180 |+1/12 —4/45| +4/3 
Sai —1/8 |}+1/24} —1/72 |+1/3 —1/48 |+1/48} +1 |-—4/9 +8/3 +2/3| —2/3 
Sain —1/6 +1/12 —1/4 —1/8 +3/8 —8 +4 —12 
S42393 —1/6 | +1/36 |+7/12 —1/12 |+1/12 —4/9 —4/3 +8/3| —8/3 
Sau +1/18 |-—5/6 |-—1/72 +13/48 —7/16 —8/9 |+40/3) +4/9 |—26/3| +14 
S4ii2es3 +1/72 |—5/24 +1/48 |—7/48 +4/9 |—20/3 —2/3)| +14/3 
S4230311 —1/36 |+5/12 +1/12 |-—7/12 +4/9 |—20/3 —8/3| +56/3 
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of this series, but formulae for all of them are 
presented in Table I, Parts 1 and 2 which assigns 
an abbreviating symbol to each different sum- 
mation needed and expresses each S in terms of 
these symbols. 

Numerical values of each S are given in Table 
II for the three cubic arrangements. All values 
given have been checked to or beyond the last 
digit here recorded by computations with two 
different values of e. (Values of Soo have also 
been checked by simpler formulae.) 

For hexagonal crystals Eq. (5) splits up dif- 
ferently and yields the following equations: 


Sea = S200+S20033P3* + S2ii QA itt S233A 33 
+Ser(A pr? +A 22f2”) + Saiisa( A is) Ds” 
+ So3333A saps” + Soi2i2(A 12 +A 21) Pipe 
+S21313(A 1sP1 +A 23f2) ps 
+S23113(A sipi tA s2p2) ps, (8) 
S4a = {Ssoot+ Sais ii + SassA 33} 
x {1—10p3?-+ (35/3) ps4} + Sand up? 
+SainA 1p2?+S41133A ps? + Sa2211A 22p1" 
+Si2222A 222? +S42233A 223” 
+ S41212(A 12 +A 21) Pipe + Siisis(A 13h1 +A ape) ps 
+S43113(A pi +A s22) Ps t+ Sarin 114 
+ Sari2222A 1ip2*+Saiiss33A ups* 
+S4221111A 2014+ S s222222A oopo* 
+ Ss223333A 22P34+S4i21112(A 12 +A 21) Pipe 
+ S4121222(A 12 +A 21) pipeo® 
+S4131333(A 13P1 +A 232) ps* 
+S4311333(A s1p1 +A sop2) ps*. (9) 


Not all the coefficients in Eqs. (8) and (9) are 
unequal, for Se:e12= Sei; Saziia= Sai2i2; Sae2i111 
= — Saryiii1; S4222222 = — S4ri2222. 

In an earlier papert Akulov’s method was 
carried out, with respect to S2 only, in hexagonal 
crystals. The new assumption concerning the 
variability of V changes several coefficients, so 
formulae for all the S are here given in Table 


4L. W. McKeehan, Phys. Rev. 43, 1025-1029 (1933). 
Eq. (35) should be changed\by adding +H, tothe right- 
hand side. 
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III, similar in arrangement to Table II. For 
details of notation consult I.c.* 

Numerical values for each S have been com- 
puted for the particular axial ratio c=2(6)! 3 
appropriate to close-packing of spheres, both for 
a primitive array and for hexagonal close-packing. 

The elastic energy density in cubic crystals is 


E.= den DA i®@tsewD A A jjteasdAi;? (10) 
and in hexagonal crystals is 
E,= 40(Aus?-++Aon*) + ca2A 38° 
+ 3012(A 1A 92 +A 292A 11) 
+ 3€13(A 114 33 +A 33A 11 +A 292A 33 +A 533A 22) 
+€44(A 13? +A 317° +A 23° +A 32”) 
+3(€11—C12)(Aie?+Aoi*). (11) 


The summations in Eq. (10) are to be interpreted 
like those in preceding equations but ¢1;, Cie and 
C4, are the elastic moduli as usually defined with 
a different rule of summation. This explains the 
unsymmetrical occurrence of the factor 3 in 
Eqs. (10), (11). 

In the next step we seek tensor components 
Axi, Ai; to minimize E,,+o for various assign- 
ments of p:, p;, p.. The work is much simplified 
by the fact that for directions of p naturally of 
interest the crystal and with it the strain tensor 
A possess high symmetry. The results are par- 
ticularly interesting for dilatationless strains. Not 
only does the number of terms to be considered 
decrease, but this assumption about A supports 
the assumption already made regarding the in- 
variance of P, and is in itself plausible as a first 
approximation. Experiments usually show small 
relative changes in volume in applied fields that 
result in considerable shearing strains. On the 
theoretical side the enormous molecular field is 
supposed to be largely affected by small changes 
in mean interatomic distance. It follows directly 
that changes in energy resulting from changes 
in direction of the relatively tiny magnetic fields 
used in magnetostriction experiments can have 
little effect on mean interatomic distance, that 
is, they cannot produce important dilatations. 
Finally, the assumption that }°A;;=0 makes 
minimum total energy occur for minimum en- 
ergy density, a decided simplification. 
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TABLE III. (Part 1) Formula for the coefficients of S:, for hexagonal crystals. 








m = &Dn -gi(x) m =/3(x)4 

ne = Ln 1277 2x2 go(x) ns =(/cx/3)Efngqis*q ? exp (— 2g?/e?) 

3 = Dn -c*r3?r 2x2 92(x) m =(x/crx/3)Efngc*gs*q™* exp (— r2q?/e*) 

m= BE pfig't~*x*ga(x) mo= (m/cr/3)Efnggis'g” (1+ w2g?/e*) exp (— x°q?/e?) 

ns = 8D 12°c?rs2r*x4g3(x) mu = (r/cr/3)Efmegis*c*qs2q~ *( 1 + 22g?/€*) exp (— 2g?/e*) 
ns = Dn cir s'r~*x4g3(x) me= (m/er/3)Efnge*gs'g *(1 + 22g?/e2) exp (— 22q?/e) 





Coefficients in Eq. (9) 








m1 n2 n3 m ns n6 m ne ™ m0 mu miz 
S200 —1/2 +1/4 +2 = 
S2o0s3 —1/4 | +1/2 +2 al 
Sais +1/2 —1/16 —2 +4 = 
So33 —1/4 | +1/2 | +1/16 | —1/4 +1 —4 
Sau +1/2 —1/8 +4 —* 
Saitss +1/4 | —1/2 | +1/16 | —1/4 —4 +8 +1 —4 
S23333 +1 —1/16 | +1/2 | —1/2 +8 a +8 «at 
Sarsis +1 —1/2 +4 =» 
Sosis +1/2 —1/2 +8 -8 












































TABLE III. (Part 2) Formula for the coefficients of Sy, for hexagonal crystals. 








m1 = In ,go(x) Tr = Dn c®r;°7bx8g,(x) 

2 = ln rh i2?r 2x29; (x) Tr= e®/5(2) 4 

tT; = &In,c*r;27-*x2g;(x) t13 = (43 /cr/3)Zfmgqis'g* exp (— 32q?/e*) 

4 = ODN P2'r~ 4x 4g, (x) T14 = (4 /64/3)Efmgqi2*c*gs"q-* exp (— 3*g?/e*) 

75 = OL oh 2°C*rz?r— 4x1 g4(x) 115 = (43 /c4/3)Efngc*qn'g-* exp (— w2g?/e*) 

te = Dn cArstr *x*gq(x) 716 = (48 /c4/3)Zfmqgi2’g” *(1 + 42g?/e?) exp (— 3*g?/e*) 

Tr = EDM Hi2r Ox'gs(x) riz = (48/cy/3)Zfnggi?gn?(gi +92)?q~*(1 + 42q?/e*) exp (— 2g*/e?) 
ts = DM py7r2?(1r) — 72) ?4Ox8gs(x) Tis = (48/cx/3)Zfmqqis'c~*gs°q” *(1 + 32g?/e*) exp (— 32q?/e?) 

To = Dm oia'cPrstr ex 'ge(x) t19 = (48/cr/3)Efmgqua*c*qs'q”*(1 + 32g?/e*) exp (— 37g?/e?) 

T10 = ELM p22 434 ox 8g; (x) 120 = (43 /cx/3)Efnge*gs"g “(1+ 22g?/e*) exp (— 32q*/e*) 





Coefficients in Eq. (10) 





























Sus- 
SCRIPT 
or S TI T2 73 v4 TS 76 7 Ts rm T10 Tu Ti Ti mT Tis Ti TY Ti Ty T20 
400 +1/8)—1/8 +1/64 —1) +1/2 
400 —1/80|}+1/40|+-1/320 |—1/80 +1/10) —2/5 
400 +3/2240) —3/280) + 1/280 +3/70| —12/35| +-4/35 
4u —3/8 —1/8 |+9/64 |+1/8 —1/64 — 1/64 +3) —5 +1 +1 
4 +1/80|—1/40|+1/64 |—1/40 |—1/40 |—1/320 +3/320)|+-1/80 -1 +4 +1/5 —3/5 | —4/5 
4u +3/2240| —3/280) + 1/280) —3/2240 +3/320)+-1/140) — 1/280 —3/7 |+24/7 | —8/7 |+3/3 —3/5 |—16/35| +8/35 
433 +1/4|+1/8 —5/32 +1/64 —2) +4 -1 
433 +1/20|—3/160 |+1/40 +1/320 —1/80 +4/5 |—12/5 —1/5 +4/5 
433 —3/1120 + 1/140) +-3/2240 —3/280} + 1/280 + 12/35) —72/35) + 16/35] —3/35 +24/35) —8/35 
41111 +1/4|—3/16}+1/8 |—1/32 +3/256 | —27/512| —1/64 —2| +3 —4 -—1/4} -—8/] +1 
41122 +1/4)+1/16|+1/8 |—3/32  |—1/4 +3/256 |—27/512|+3/64 —2| +3 +4 —1/4| -8] -3 
41133 +1/4)+1/16}+1/8 —1/4 |—1/4 |—3/256 |+27/512|+3/64 |+1/8 —2} —3 | +28 +1/4| +8] -3 —8 
42211 +1/4)+1/16}+1/8 |—3/32 |—1/4 +1/256 |+27/512|+3/64 —2) +3 +4 —3/4| +8) -—3 
42222 +1/4|—3/16|}+-1/8 |—1/32 +1/256 |+27/512| —1/64 —2| +3 —4 —3/4| +8] +1 
42233 = |+-1/4|+1/16|+1/8 —1/4 |—1/4 |—1/256 |—27/512|+3/64 |+1/8 —2} -—3 | +28 +3/4| -8| -3 | -8 
41212 —1/4 +1/16 |+1/4 —1/16 —8 +4 
41313 —1/2 +1/2 —1/16 —2 +4 
4111111 +1/32 |—1/8 —1/96 | +9/128|+1/32 -1 +4 +32/3} —2 
4112222 —1/32  |+1/8 +9/128) —1/32 +1 —4 —2/3 |+-32/3} +2 
4113333 +1/8 |—1/12 |+3/256 |—27/512|—3/64 |—5/48 |+1/24 +3 | —28 |+32/3 |-1/4} —8| +3 |+20/3 |—8/3 
4223333 +1/8 |—1/12 |+1/256 |+27/512|—3/64 |—5/48 |+-1/24 +3 | —28 |+32/3 |—3/4| +8] +3 |+20/3 |—8/3 
4121112 +1/16 |—1/4 —1/192 | —9/128)+1/16 —2 +8 +1 —32/3} —4 
4121222 +1/16 |—1/4 —1/64 +9/128/+1/16 —2 +8 +1/3 |+32/3) —4 
4131333 —1/4 |+1/6 +1/16 |—1/12 +2 —8 —4 |+16/3 
4311333 —1/16 |+1/4 +1/16 |—1/12 +8 |—16/3 —4 |+16/3 




































































Table V shows what strain components still Bitter® in an analysis of the experimental ma- 
need to be computed for several interesting direc- _ terial. 
tions of p in cubic and hexagonal crystals. The The strain components in lines 2 and 3 of 
7 y “a » ” > —_—_—_—_—_—_——— 
last column - Table V, headed Cases, refers 5’ F. Bitter, Jntroduction to Ferromagnetism (1937), pp. 
for comparison to items in a table given by 253-254. 
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TABLE IV. Hexagonal arrangements. 
Axial ratio c=2/3(6)4= 1.6330. 
Nu- Nvu- 

Sus- MERICAL | VALUE OF SuB- MERICAL | VALUE OF 
SCRIPT PRIMI- S CLOSsE- SCRIPT PRIMI- S CLose. 
or S TIVE PACKED or S TIVE PACKED 
200 2.75741 2.96023 | 400 0.95461 0.33815 
20033 —3.82936 0.00507 | 41% —7.6369 —2.7052 
2 —4.8288 | —4.8920 433 6.6382 5.6646 
233 2.0848 0.7779 41111 35.1298 29.6909 
21111 —4.1428 | —3.8634 41122 16.2140 9.7378 
24133 9.7435 0.7678 41133 —60.2145 | —18.6979 
23333 —10.3972 | —6.1972 42211 —26.4942 | —29.9450 
21313 0.0268 | —2.3076 42222 —7.5784 —9.9920 
23113 7.7123 | —2.3177 42233 — 17.5062 20.9850 
41212 18.9158 19.9530 

41313 —0.1765 13.1900 

4111111 | —39.5064 | —38.0945 

4112222 | —17.4380 | —14.8160 

4113333 71.7286 18.3590 

4223333 29.0204 | —21.3238 

4121112 6.4038 3.1767 

4121222 | —50.5406 | —49.7338 

4131333 0.4117 | —30.7766 

4311333 | —44.1369 | —46.5571 























Table V may be simplified by referring them to 
the principal axes of the strains. In line 2 this 
gives A[110]=Au+Aiz; A[l110]=A1—Ai; 
A[001]=—2A1;. In line 3 it gives A[111] 
=2Ao3; A[110]= —Ao3; A[112]= —Ao3. 

In applying the formulae here derived for E,, 
to iron and nickel the values of N, P, a, Fy given 
in Table III of |.c.? are used. In case of cobalt a 
slight improvement over l.c.? is introduced by 
making @ = 2.5024 X 10-* cm, instead of using the 
experimental value, a = 2.507 X 10-8. This changes 
p enough to raise Fy at \=7/2 from 0.9090 to 
0.9124. The calculated value of o£, now cor- 
responds to a fictitious crystal having precisely 
the axial ratio c=2(6)'/3 used in computing 
Table IV. The strain A’ necessary to change this 
fictitious crystal to the actual strain-free cobalt 
crystal, with c=1.624, a=2.507X10-* cm, is 
dilatationless, as is also the further strain A”’ 
necessary to minimize (£,,+£.). The strains A’ 
and A” both affect £,, but only the strain A” (the 
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TABLE VI. Elastic moduli (erg-cm~). 














10 12 x 
METAL cu | C12 ca 
Iron® 2369 | 1406 | 1.160 — 
Nickel 3.42 1.98 0.789 
Cobalt 3.47 1.95 | 0.76 








magnetostrain) affects E,.. The value of &,, 
under A’ alone will be denoted by E,,’. 

The computation of E£, requires values for 
elastic moduli appropriate to single crystals, not 
all of which are as yet known. In case of iron the 
experiments of Goens and Schmid® yield all 
needed data. In the case of nickel new (unpub- 
lished) values were furnished by Quimby, who 
has supplemented the work of Zacharias’ on a 
single crystal with measurements of Young’s 
modulus and shear modulus on a polycrystalline 
rod like that used by Siegel and Quimby® in 
studies on Young’s modulus only. In the case of 
cobalt there seem to be no accepted values of 
moduli for use in Eq. (12). Making the very 
daring assumptions that cobalt is elastically 
isotropic, and that it is otherwise indistinguish- 
able from hickel allows using Quimby’s newly 
measured moduli for polycrystalline nickel to- 
gether with the added conditions for elastic 
isotropy. About the only justification for these 
assumptions is the fact that Young’s moduli® 
for nickel and cobalt and the compressibilities as 


well! are nearly indistinguishable in polycrys- 


®E. Goens and E. Schmid, Naturwiss. 19, 520-524 
(1931). 

7 J. Zacharias, Phys. Rev. 44, 116-122 (1933). 

8S. Siegel and S. L. Quimby, Phys. Rev. 49, 663-670 
(1936). 

9]. Zacharias, reference 7; K. Nakamura, Sci. Rep. 
Tohoku Imp. Univ. Honda Volume, 146-157 (1936). 

10 P. W. Bridgman, Proc. Am. Acad. 58, 163-242 (1923). 


TABLE V. Characteristics of magnetostrictive strains. 


























COMPONENTS OF p STRAIN COMPONENTS 
Ao Au Aw 
CRYSTAL INDICES AND AND AND 
SYMMETRY OF p pi pe ps Au Aa A33 Az Ais An Cases 
Cubic 100 1 0 0 An —A},/2 —An, 2 0 0 0 da, b, c 
110 1//2 1//2 0 Ay Ay —2Ay 0 0 Ay d, é, f 
111 1/3 1//3 1//3 0 0 0 Ag Ag Ag; gZ, h 
Hexagonal 001 0 0 1 Au Au —2An 0 0 0 
100 1 0 0 Ay Ace A33 0 0 0 
120 0 1 0 An Ag A33 0 0 0 
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TABLE VII. Calculated strains, and energy densities 1n erg-cm™?. 


307 

















10° X 
METAL p din A22 Aas Ags oEm E, 

Iron (100) 5.62 —2.81 —2.81 — — 8.5037 — 0.000023 
[110] —4.17 —4.17 8.34 —6.01 —5.9381 —0,000134 
P111] _- ~ -— 1.26 — 5.0829 —0.000011 

Nickel [1007 0.70 —0.35 —0.35 - —0.3974 —0,0000005 
[1107 —0.51 —0.51 1.02 —0.95 — 0.6667 —0.0000026 
P111] - —- —- 0.30 —0.7564 —0.0000004 

Cobalt* (001) —2.73 —2.73 +5.46 — — 5.3933 —0,0000340 
[1007 —11.48 +6.44 +5.04 — — 4.6513 —0,0001509 
1207 —4.97 —0.07 +5.04 - — 4.6513 —0.0000381 












































talline specimens. The assumption of isotropy 
leaves only two independent moduli, ¢,; and Cie, 
instead of the five appearing in Eq. (12), since 
C33 = C1 and C44 = (C11 — C2) /2. 

The moduli used in the final calculations are 
collected in Table VI. The strain components for 
minimum (£,,+£,) are presented in Table VII, 
together with values of o£,, (or o£,,’), the energy 
density in unstrained crystals for the same direc- 
tions of p, and the energy density increase, 
(En—oEm+E.)=—E., arising from magneto- 
strain. It is obvious that the energy densities 
associated with magnetostriction are trivial, and 
this remains true whether the theoretical mag- 
netostrains of Table VII or experimental values® 
are used. This justifies the principal results of 
l.c.2 which ignored strain effects altogether. 

The calculated magnetostrains in iron are 
much nearer to experimental values than are 
those in nickel. The signs of all components agree 


* Corrected for preliminary strain: Ai’ =0.001839, A2’ =0.001839, A33’ 


= —0.003678, to make c = 1.624, and ¢ =2.507 X10 cm. 


with the single exception of A[001] for p along 
[110]. In nickel the calculated values are much 
too low in absolute magnitude and do not exhibit 
the approximate isotropy, both of longitudinal 
contraction and of transverse expansions, so 
striking in the experiments. In cobalt the cal- 
culated values are again too small and do not 
give all the details of the experiments" with 
which they must be compared. The fit, such as 
it is, is almost certainly fortuitous, in view of 
the roughness with which the elastic moduli have 
been estimated. Better data are badly needed. 

The inadequacy of purely magnetic interac- 
tions to account for magnetostriction in nickel 
suggests that the nonmagnetic interactions, col- 
lectively accounting for the molecular field, do 
not produce mere dilatation (here contraction in 


volume) as hitherto supposed. 


1 Z. Nishiyama, Sci. Rep. Tohoku Imp. Univ. 20, 323- 
341 (1931). 
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Magnetic Interaction in Pyrrhotite and in Magnetite 


L. W. McKEEHAN 
Sloane Physics Laboratory, Yale University, New Haven, Connecticut 


(Received January 3, 1938) 


Magnetic potential energy densities, including quadrupole terms, have been computed for 
important directions of magnetization in pyrrhotite and in magnetite. In pyrrhotite the results 
are in contradiction with experiment, suggesting that other causes of ferromagnetic anisotropy 
greatly predominate. In magnetite the results suggest that all the iron atoms contribute to the 
ferromagnetism, neither ferric nor ferrous iron being adequate separately to explain the ob- 
served behavior. With this assumption the results are in qualitative agreement with experi- 
ment, calculated anisotropy being greater than that reported in the literature of the subject. 











308 L. W. McKEEHAN 


PYRRHOTITE 


YRRHOTITE is an anomalous ferromagnetic 

in at least two respects. The preference for 
magnetization normal to the hexagonal axis is so 
strong that crystals can hardly be said to be 
ferromagnetic parallel to this axis.' The gyro- 
magnetic ratio is very different from that for all 
other ferromagnetics yet investigated.? It there- 
fore seemed worth while to compute the ferro- 
magnetic anisotropy of pyrrhotite on the same 
basis as that which gave reasonably good results 
for iron and nickel and their cubic alloys, less 
satisfactory results for hexagonal cobalt.* 

The computation involves no special difficulty. 
The coordinates of the two iron atoms in the 
hexagonal unit cell are (0, 0, 0) and (0, 0, 3) so 
that the formulae for a simple hexagonal lattice 
can be used by halving the c axis of the true unit 
cell. This makes‘ the axial ratio c=0.844, with 
a=3.43X10-§ cm. The number of atomic mag- 
nets per cell is now N=1, the volume of the cell 
V=58.99X10-*4 cm*. The reported saturation 
magnetization varies widely. The highest re- 
ported value in the International Critical Tables 
(J=72.8) gives for the average magnetic moment 
per iron atom P=2.147X10-". This makes 
(NP?/Va*) = 1.937 KX 10°. The value of P is far 
below that for one electron per atom, so axial 
concentration of magnetic moment (A=7/2) may 
be expected. The magnetic moment may be 
supposed to be spread at the same distance from 
the nucleus that was assumed in metallic iron, 


TABLE I. Coordinates of iron atom centers. 











Fe” Fe’”’ 
000 333 oe Fb5 FER TEE 
033 22 ee FSS SEE FSS 
303 ii¢ Ssh FSS See Fas 
$30 (¢i% $s 85s FEE FES 











1P. Weiss, J. de phys. 8, 542-544 (1899). 

?F, Coeterier, Helv. Phys. Acta 8, 522-564 (1935). 

3L. W. McKeehan, Phys. Rev. 52, 18-30 (1937). Note 
that S2oo and S2oo33 of the present paper are Seo and S22 
of this reference. 

* Assuming c for the true unit is 1.688. Since the calcula- 
tions here reported were finished a different value, c= 1.644 
has been announced by S. S. Sidhu and V. Hicks, Phys. 
Rev. 52, 667 (1937). The Sompenty emphasized herein 
would be about as serious for either assumption regarding 
c so that recomputation with the new value seemed un- 
profitable. 


TABLE II. Lattice sums. 











AToms CONSIDERED S: S00 
8 Fe” 16.75516| — 106.9607 
16 Fe’”’ 33.51032| —177.6685 


(8 Fe’’+16 Fe’); Fe” at origin |50.26548 33.4852 
(8 Fe’ +16 Fe’’’); Fe’” at origin |50.26548) — 107.4455 
(8 Fe’’+16 Fe’’’); mean value 50.26548| —60.4686 














giving a different value to the ratio p, viz. 
p=0.223. 

The computation of lattice sums yields Sooo 
= 2.4034, S20033 = 1.3860, and S400 = 2.1804. These, 
with the assumptions regarding \ and p, give the 
following energy densities for important direc- 
tions: 


E001 ]= — 14.06 X 10° erg-cm™, 
E[100]=£[120]= —7.18 X 10° erg cm~. 


The wrong direction is indicated as preferred and 
the energy difference is much too small. It does 
not help to take \=0, for this yields 


E(001 ]= —3.79X 10° erg-cm™, 
E(100]=£[120]= —3.40 10° erg cm 


showing still a slight preference for the direction, 
[001], which is energetically avoided. 

It must be concluded that gross magnetic 
interaction between atoms is relatively unim- 
portant in establishing ferromagnetic anisotropy 
in pyrrhotite.® 


MAGNETITE 


Magnetite was the first cubic crystal shown to 
be magnetically anisotropic. The chemical 
formula may be written FeO-Fe.O;, and it is 
customary to distinguish ferrous (Fe’’) and ferric 
(Fe’’’) atoms in its unit cell, which contains 8 of 
the former, 16 of the latter. With the usual 
choice of origin the coordinates of the iron atom 
centers are given in Table I. 

The lattice parameter is a=8.41X10-* cm 
(V=594.8X10-*4 cm*) which, with the same 
distance of magnetic moment from the center of 
each atom as was assumed in metallic iron, makes 


5 F, Bitter has pointed out in private conversation since 
this paper was written that the room temperature prefer- 
ence for magnetization in the basal plane, (001), may be 
replaced at low temperature by a preference for magnetiza- 
tion along the normal to this plane, [001]. 

* P. Weiss, J. de phys. 5, 435-453 (1896). 
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p=0.091. We assume the saturation magnetiza- 
tion as the highest reported in the International 
Critical Tables, o=98.6 per gram. If all iron 
atoms contribute equally to the observed mag- 
netization this gives P=1.263X10-* (gaussian 
units), if only ferric iron counts, P= 1.894 10-, 
if only ferrous iron counts, P=3.789X10-”. It 
is noticed at once that the last assumption gives 
higher average moment to each iron atom than 
occurs in metallic iron, which seems very un- 
likely. It is difficult to attribute all the mag- 
netization to ferric iron, either, for if this is done 
it is hard to see why magnetite is so far superior 
magnetically to isomorphous crystals (ferrites) 
of formulae MO-Fe.2O3, which in general have 
very low magnetizations.’ Additional reasons for 
dividing the magnetization among all the avail- 
able iron atoms are discussed later. 

It is apparent from the coordinates of the 
atoms that Fe” and Fe’” are differently sur- 
rounded by neighbors. Even the symmetries 
differ, centers of inversion occurring at Fe” but 
not at Fe’’’. It is therefore necessary to compute 
lattice sums separately for Fe’’ as origin and for 
Fe’” as origin and to compute a mean value by 
suitably weighting the two. Table II gives the 
separate and combined results computed in the 
usual way.* 

In these computations care must be taken with 
factors which differ with choice of origin atom 
when the origin is not at a center of inversion. 
Such factors ([r2r? ]}*=(re2r2+rer2+ryr.”) /3 
and f) occur in numerous lattice sums.’ The 
values of « chosen for numerical work were e=4 
and e=2(3)}. 

All the values of Syoo in Table II are new, 


TABLE III. Energy densities. 








ENERGY DENSITIES (erg -cm™) 
A=0 








A=7/2 
10-6 x 
Ko | Ki | Ko | Ki 
& Fe” —0.197 | —1.74 |—0.718 |+0.869 


—0.255 | —1.44 |—0.688 |+0.720 
—0.478 | —0.326| —0.576 | +0.163 


16 Fe’”’ 
(8 Fe’ +16 Fe’’”’) 











7D. P. Raychaudhuri, Ind. J. Phys. 9, 425-432 (1935). 
* Square brackets are used to indicate mean values of the 


quantities enclosed. 
§L. W. McKeehan, Phys. Rev. 53, 301 (1938) designates 
these sums as follows: ys, Ys, 7, Ys, 54, 56, 5, 5:0, 511, S12, dis. 


except for the first, which was directly computed 
by Forrest® (his value corresponds to Syoo= 
— 107.04). 

Table III gives values of Ko and K; computed 
with the values of S2 and Syoo in lines 1, 2 and 5 
of Table II both for axial (A = 7/2) and equatorial 
(A=0) concentrations of magnetic moment. 

An experimental value of K,; can be derived 
from data given by Weiss, who first studied this 
crystal. From graphical quadrature of curves 
which he has published” one finds approximately 
E[100]=1.0374; #[110]=0.0176; Afil1t]= 
0.0145 (all in 10° erg-cm~*) ; from which 


K,= —0.0792X10°; K.=+0.094X 10°. 


(This is a very small value of Ke, not significantly 
different from zero.) 

The sign of K, evidently requires an axial con- 
centration of magnetic moment. This is easy to 
admit if the average moment per atom is as low 
as 1.263X10-* (corresponding to less than two 
electrons per atom) a third reason for favoring 
distribution over 24 atoms per cell rather than 
some smaller number. The calculated value of Ky, 
which drops in absolute magnitude as the number 
of atoms possessing magnetic moment is made 
greater, is, even for 24 atoms per cell, more 
negative than the experimental value. The least 
distance between iron atom centers in magnetite 
is 2.973 <10-* cm, which may be compared with 
a least distance of 2.478X10-* cm in metallic 
iron at room temperature. The lower value of P 
in magnetite may be due entirely to this larger 
separation. 

On the whole the case of magnetite may be 
considered as adequately covered by the simple 
sort of magnetic interaction previously proposed 
for metal crystals. 

No account has been taken in this analysis of 
the nonmagnetic element present in each case, 
sulphur in pyrrhotite, oxygen in magnetite. As 
far as purely magnetic interaction goes this is 
entirely reasonable. If other types of interaction 
are important this simplification is probably not 
justified. 


9]. Forrest, detailed references and recomputation of 
the quantity in question have been given by L. W. Mc- 
Keehan, Phys. Rev. 44, 38-42 (1933). 

10P, Weiss, G. Foéx, Le Magnétisme (Armand Colin, 
1926), p. 122. 
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Van der Waals Forces Between Symmetrical Rotators 


KENNETH G. CARROLL 
Sloane Physics Laboratory, Yale University, New Haven, Connecticut 


(Received December 23, 1937) 


Work of F. London on the van der Waals forces between linear dipole molecules has been 
extended to polyatomic molecules which are representable as symmetrical tops. The results 
obtained by a second-order perturbation calculation are compared with those of a variational 
calculation for the specific case of the interaction between two tops in one-quantum states 








N a recent paper by Margenau and Warren! 

the first-order perturbation energy between 
symmetrical top molecules carrying permanent 
dipole moments along their figure axes was cal- 
culated. The results were applied to the pressure 
broadening of the near infra-red spectral lines of 
ammonia, and qualitative agreement with ex- 
periment obtained. This indicates that these long 
range forces play a significant role in line 
broadening even at atmospheric pressure. It was 
there assumed that the second-order forces 
would be negligibly small over the range for 
which their calculation was valid, a conclusion 
based on the results of London? for linear dipole 
molecules. In the present work, the second-order 
perturbation to the van der Waals forces is cal- 
culated for symmetrical top molecules. The 
results show that the second-order effect is 
indeed negligible in line broadening. Actually the 
addition of another degree of freedom (spin about 
the figure axis) to the calculation for linear 
molecules reduces the second-order interaction. 
An independent calculation of the effect is made 
by the variation method. 

The Schrédinger second-order perturbation 
formula may be used to find the energy change, 
averaged over degenerate states, resulting from 
the approach of two molecules carrying dipole 
moments yw along their figure axes: 


1 DX | Van? 
GEM =— Zz As. (1) 
. Zi 7 E*°—E;® 


Vy,'? is the matrix element of the perturbing 
potential V between the degenerate states \ and 
u belonging to the energy states 7 and j respec- 


1937} Margenau and D. T. Warren, Phys. Rev. 51, 748 
2 F. London, Zeits. f. Physik 63, 245 (1930). 


tively, gi is the degree of degeneracy of the ith 
state. The perturbing potential (interaction of 
the dipole moments) is 


V = —(u?/R*)[2 cos 0; cos 82 
—sin 4; sin 62 cos (¢1—¢2) | 


where the orientations of the molecules are 
expressed in the Eulerian angles 6, ¢, x relative 
to the line joining them, and R is the separation 
of the two molecules. A state 7 is characterized 
by the product of two unperturbed sym- 
metrical top eigenfunctions, each of which is 
dependent on the three quantum numbers J, K, 
M. Since the energy of the symmetrical top is 


h? (J (J +1) 1 1 ; 
‘= 4 +(~-=)«'}. as 
87? A C A 


— 


where A and C are the moments of inertia about 
the principal axes, summing over degenerate 
states involves summing the numerator of (1) 
over permissible values of the M’s (from —J 
to +J) and the two possible values of the K’s. 
If the quantum numbers of the two molecules 
belonging to the ith state are denoted by J;, Ki, 
M; and J;’, K,’, M;’ the numerator of Eq. (1) 
becomes 


JKiM;; Ji/Ki Mi |? 
| "WK M;3 Ji Kj Mj 
Ji, Ki, Mi; Jé, Ki, My? 
J;, K;, Mj; Ji, Ky, a 


Ji, Ki, Mi; Ji, Ki’, Mi? 
(cos 62 ) . & 
Ji, K;, M; > Pte Kj’, M; 


6u4 
=—) (cos 6, 
R6 


The summation in (3) is over degenerate quan- 
tum numbers of both initial and final states. It 
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has been carried out over degenerate quantum 
numbers of the final state (j) in calculations on 
transition probabilities, for example, in the work 
of Dennison.’ Because the result at this stage is 
independent of the degenerate quantum numbers 
of the initial state (7), the remainder of the 
summation yields only the degeneracy factor, g;. 
In terms of Dennison’s transition probabilities 


JiKiM; 3 gi JiKi\? 
(cos 6 ) ="(4 ) ; 
J;K;M; 3 J;K; 
The factor } arises from the three possibilities of 
polarization which contribute equally to the 





(J’+1)?— 


total transition probability A*. Expressed in 


these terms, the numerator of (1) becomes 


2u* JK\?f JiKi\? 

se (i) (Sa) 

3R° JK; J/'Kj 

( ey ey 
JK; ( J/K;} 


E—E,° 


and 


2u4 
(AE)? =—— >’ 
3R® i 
The elements A? are different from zero only 
when AJ=0, +1 and AK =0 (selection rules for 
||-type bands). With Dennison’s*:* expressions 
for the A’s, the final result is 


K” K” 





ut ¢ (J+1)?—K? 
(AE) a‘? = — 


3R°B 
K?K’2 


— aaa = + —S 
(J41)(2T+1)L (+1) (2 +1) (J+ I’ 42) I"('+1)(T +1) 


P-K*y (J'+1)?-K”? 





a J'2—K" 
J'(2J' +1)(J—J' +1) 


where the subscripts 7 have been dropped 
throughout. Table I gives a few values of this 
expression. It is seen that an increase in K, the 
“spin’’ quantum number, weakens the inter- 
action between molecules of fixed J and J’. 
Since this energy perturbation would be de- 
scribed classically as the tendency of one dipole 
molecule to line up its neighbors, it may be said 
that an increase in the ‘‘spin’”’ energy of a top 
strengthens its resistance to orientation. 

If K is set equal to zero, the wave functions of 
the symmetrical top go over into those of the 
linear molecule. If the K’s in (3) are allowed to 
vanish, the resulting expression is identical with 
that obtained for linear dipole molecules by 
F. London.? It is to be noted that (3) has the 
familiar form of the 1/R® law which is character- 
istic of this effect. It does not apply, of course, 
to cases of close approach where the numerators 
of terms in (1) become comparable to the 
denominators. For a typical molecule, calcula- 
tions indicate that Eq. (3) is quite accurate for 
distances of separation greater than 9 or 10A. 


?D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 


+ + on , 
TIED II 41)? J(2T+1)L(J? +1) (2 +1) (14. — J) 


(3) 


K” Jit— K*? | 
JI(S'HA)  I'(2I'+1)(I4+-J") 


nee Ati: 





Since the first-order splitting of levels is sym- 
metrical, the “‘center of gravity” of a degenerate 
group of levels is unchanged by this interaction. 
Hence Eq. (3) contains the total average effect 
of these long range forces. 

An upper bound to the energy of interaction 
can be found by the variation method, by using 
a linear combination of unperturbed wave 
functions. The mathematical complexity, how- 


TABLE I. Values of (AE)sy® for various energy states. 








(AE) py IN (AE) py IN 
ENERGY UNITS OF ENERGY UNITS OF 
STATE wi/R°B STATE wi /R°B 
J=J’ 1 Jul J'm2| — 23 
K=K’'=0 6 K=1 K’'=2 270 
J=i=J' _5 J=2 J'm2}) 1 
K =1 = K’ 48 K=2 K’'=2 18 
aaa J'=!1 _2 J=2 J’=2 —~0.158 
K=0 K’=0 27 K=1 K’'=!1 
J=0 J'= 2 
K=0 K’'= 9 














4The expressions given by Dennison are here to be 
multiplied by 4. 
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ever, prevents an explicit calculation for the 
general case. It has been carried out for the 
special case where both interacting molecules are 
in the state J=1, K=1, M=0. Here the vari- 
ation function suggested by the problem is a 
linear combination of the ten unperturbed wave 
functions with which the given state (Yi10W’ 110) 
combines, i.e., 


Yin Wier, Yu-wW/ 1, = Warr 21-1, 
Yin Wor-1, Woro ¥’210, Wer—1¥211, 
Yu’ 21, 9 Yor Wur-1, Warr 111 


Minimizing the energy of the system with 
respect to the constants in the variation function 
leads to a secular determinant of ten rows and 


columns, but which possesses only four distinct 
roots, reducing to an equation of the fourth 
degree in E,, the variation energy. The various 
matrix elements in the secular equation were 
constructed from a table of integrals involving 
symmetrical top wave functions published by 
Reiche and Rademacher.® The resulting fourth 
degree equation was solved numerically for 
various values of the molecular separation, R, 
using reasonable values of the molecular con- 
stants (u=1.5X10-'§ e.s.u., A=3XK10~ g cm’, 
from which B, the separation of the rotational 
levels = 1.8 X10-' ergs, or about 0.001 ev.). The 
lowest root of the secular equation is an upper 
bound to the energy of the given state. This 
energy is shown in Fig. 1 as a function of R. 
Included for comparison is a plot of (AE),® for 
the energy state J=|K|=J'=|K’|=1. Neg- 
lecting the effect on E, of averaging over degen- 
erate states, it is seen that it is larger than the 
second-order perturbation for R>8A, since E, 
contains also the first-order effect, which obeys a 
1/R® law. At distances less than about 8A, the 
second-order perturbation diverges markedly. 
This shows that Eq. (3) is valid only for R greater 
than this value. 

I wish to express my gratitude to Professor 
H. Margenau for his kind supervision of this 


work. 


5 F, Reiche and H. Rademacher, Zeits. f. Physik 41, 453 
(1927). 
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The Binding Energy of the Deuteron 
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N a recent paper,' Chadwick, Feather and 
Bretscher have published their results on the 
photodisintegration of the deuteron. For the 
determination of the energy of the photo-protons 
from their range they use the range-energy rela- 
tion of Blackett and Lees; this gives 185 kv for 
the energy of the photo-protons produced by the 
2.62 Mev y-rays from Th C”, and therefore 2.25 
Mev for the binding energy of the deuteron. How- 
ever, recent experimental*-*> and_theoretical* 
investigations show that the energy of a slow 
proton is, for a given range, considerably higher 
than is indicated by the relation of Blackett and 
Lees. Because of the fundamental importance of 
the binding energy of the deuteron for nuclear 
theory, it seems worth while to analyze the data 
of Chadwick, Feather and Bretscher in terms of 
the most recent range-energy data. 

A very careful study of the range-energy rela- 
tion of slow (up to 2 Mev) protons in air was 
recently carried out by Parkinson, Herb, Bel- 
lamy and Hudson.‘ We have applied some 
obvious corrections to the data published by 
P. H. B. H. such as using the mean® instead of 
the extrapolated voltage, using the distance to 
the center of the ionization chamber as the 
“mean range’ and reducing the data to standard 
conditions (15° and 760 mm). The range-energy 
relation thus obtained’ was used in the following. 
Its accuracy is difficult to estimate ; probably the 
greatest error arises from the definition of the end 
of the range which may be different in cloud 


1 Chadwick, Feather and Bretscher, Proc. Roy. Soc. 163, 
366 (1937). 

2 Blackett and Lees, Proc. Roy. Soc. 134, 658 (1932). 

’ Livingston and Bethe, Rev. Mod. Phys. 9, 246 (1937), 
especially §95, p. 261-68. (Theory, and discussion and 
references to experimental papers up till 1936.) 

4 Parkinson, Herb, Bellamy and Hudson, Phys. Rev. 52, 
75 (1937). 

5 Blewett and Blewett, private communication (Experi- 
ments on the range-nergy relation of slow a-particles, 
carried out in the Cavendish laboratory). 

*].e. the voltage at which, for a given position of the 
ionization chamber, the number of protons reaching the 
chamber has dropped to one-half the number at high 
voltage. 

7A limited number of blue-prints of this relation has 
been sent to some of the chief laboratories in nuclear 
physics. 


chamber and ionization chamber work; we shall 
assume that this error amounts to 0.1 mm stand- 
ard air (depth of ionization chamber in experi- 
ments was 0.4 mm, range of photo-protons about 
2 mm). 

Chadwick, Feather and Bretscher used in their 
cloud chamber a mixture of about 60 percent He 
and 40 percent CH,. In this mixture, the mean 
range of the photo-protons was 0.613 cm, with a 
mean error (due to statistics) of 0.010 cm or 1.6 
percent. The stopping power (S.P.) of the mix- 
ture was calibrated with a-particles of about 2 
cm range, and it was found that 2.91 cm of the 
gas were equivalent to a mica foil of 0.902 cm 
air equivalent.® If the S.P. of the gas relative to 
air were the same for slow protons as for 2 cm 
alphas, the range of the photo-protons in air 
would be 0.613 X0.902/2.91=0.190 cm. 

Actually, the S.P. of the gas is considerably 
higher for slow particles. The S.P. of hydrogen 
and helium relative to air were measured by 
Gurney® for a-particles of various energies and 
by Gerthsen" for very slow protons. Blackett and 
Lees* have given an interpolation table for the 
S.P. of hydrogen for protons and a-particles. 
From this table, the average S.P. for protons in 
the last 0.23 cm of their range" is 0.33, that for 
alphas of 2 cm range” 0.217. 

For helium as a stopping gas, Gurney found a 
very small variation of the S.P. from about 0.175 
at medium to 0.179 at small velocities. This 
result may seem somewhat surprising since 
helium is so much lighter than air. However, it is 


8 It is not stated how the mica foil itself was calibrated. 
We assume in the following that it was also calibrated with 
2 cm alphas. If, instead, Ra C’ alphas were used, its actual 
air equivalent would be about 1.1 percent less, owing to 
the variation of the stopping power of mica. This would 
increase the binding energy of the deuteron by 5 kv. This 
correction is negligible compared with the uncertainty in 
the range-energy relation. 

* Gurney, Proc. Roy. Soc. 107, 341 (1925). 

10 Gerthsen, Ann. d. Physik 5, 657 (1930). 

" Actual range in air found for the photo-protons. 

” For this case, Fig. 33a of reference 3 gives 0.231. This 
difference may indicate the probable error. Since only the 
relative stopping powers for slow protons and 2 cm alphas 
matter, we prefer to use one set of data (those of Blackett 
and Lees) consistently. 
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immediately understood theoretically because 
the important quantity for the S.P. is the average 
excitation potential of the electrons of the 
stopping atoms. Now, the K electrons of air con- 
tribute only a very small amount to the S.P. for 
slow particles (about 5 percent for 2 cm alphas). 
The average excitation potential of the L electrons 
of air is 40.3 volts (from experimental data, 
reference 3, p. 267); that of helium (K electrons) 
is 42.7 volts," i.e., almost the same." Therefore 
the relative S.P. of He should remain almost 
constant up to about 2 or 3 cm range, and should 
decrease slowly for greater ranges when the K 
electrons of air become effective. 

The S.P. of carbon changes very slightly, from 
about 0.935 at 2 cm range to 0.945 at zero range 
(cf. Fig. 33a, reference 3). 

The stopping power of the mixture of 60 
percent He and 40 percent CH, becomes then for 
2 cm alphas: 


0.6-0.175+0.2-0.935+0.8 -0.217 = 0.466, 
for slow protons (last 2.2 mm of range) : 
0.6-0.179+0.2-0.945 +0.8 -0.33 = 0.560. 


Therefore the range of the photo-protons in 
standard air 

0.190 X 0.560 0.466 = 0.228 cm. 
According to the range-energy relation of 
P.H.B.H. this corresponds to an energy of 228 


kv. Since the energy of the Th C” y-rays is 2.623 
Mev, the binding energy of the deuteron becomes 


e=2.62;—0.45,=2.17 Mev. 


The probable errors may be estimated as 
follows: 


Statistical error in determination of range of 


protons 1.6 percent 
Error in range-energy relation of P.H.B.H. 5 percent 
Error in relative stopping power of gas for 

slow protons and 2 cm alphas 5 percent 


13 For K electrons, J,=1.103 Zerp?Ry (reference 3, p- 
264), where Z.5¢=Z—0.31, the screening constant 0.31 
being obtained from the well-known variation calculation. 
For Z=2, this gives J, =1.103-1.69?- 13.54 =42.7 volts. 

4 The slight excess of Je over J,ir compensates partly 
the influence of the K electrons of air. 


Error in calibration of stopping power for 2 

cm alphas, including error due to variation 

of S.P. of mica 2 percent 
Mean square total error about 8 percent (of 0.46 Mev), 


i.e., 0.04 Mev. 
Therefore the binding energy of the deuteron is 
e=2.17+0.04 Mev. 


This value agrees very closely with the original 
result of Chadwick and Goldhaber'® who used 
the ionization produced by the photo-protons 
(2.14 Mev+0.16). It also makes it understand- 
able why Ra C y-rays, of maximum energy 
2.198, cause an observable photo-disintegration 
of the deuteron.'® From the mass-spectroscopic 
difference between the masses of He and the 
deuteron, viz. 1.53+0.04 milli-mass-units = 1.43 
+0.04 Mev, we obtain for the difference between 
the masses of neutron and hydrogen atom 


n—II1=0.74+40.06 Mev 
=0(0.80+0.06 X10-* mass units 


and for the mass of the neutron 
n= 1.008 93+0.000 05 


as against 1.008 97 in Table 73 of reference 3. 

The masses of all nuclei which are obtained 
from disintegrations involving neutrons must be 
changed accordingly. The most important 
changes in Table 73 of reference 3 are 


He*®= 3.017 11 (against 3.017 07), 
C= 14.007 63 ( ‘“ 14.007 67), 
N= 13.01008( “ 13.010 04). 


From the new mass of N' and C= 13.00761 the 
expected energy of the nitrogen positron comes 
out to be 1.28 Mev (previously 1.24 Mev), still 
in good agreement with the “inspection limit”’ of 
1.25 Mev and in disagreement with the Konopin- 
ski-Uhlenbeck limit of 1.45 Mev. 

The changes in the calculations of nuclear 
force constants are very small. 


18 Chadwick and Goldhaber, Proc. Roy. Soc. 151, 479 


(1935). 
16 Banks, Chalmers and Hopwood, Nature 135, 99 
(1935); Mitchell, Rasetti, Fink and Pegram, Phys. Rev. 


50, 189 (1936). 
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LETTERS TO THE EDITOR 


Prompt publication af brief reports of important discoveries in physics may be secured by 
addressing them to this department. Closing dates for this department are, for the first issue of the 
month, the eighteenth of the preceding month, for the second issue, the third of the month. Because of 
the late closing dates for the section no proof can be shown to authors. The Board of Editors does 
not hold itself responsible for the opinions expressed by the correspondents. 


Intrinsic Variability of the So-Called Fundamental 
Physical Constants 


Several years ago I pointed out'~* that formulations of 
natural laws which imply the possibility of absolute verifi- 
cation through a finite number of observations are in- 
trinsically inadequate and must in course of time give 
way to statistically flexible formulations of natural laws. 
The considerations which led to the conclusion just stated 
were illustrated by predictions regarding the necessarily 
to be expected variability of physically significant pure 
numbers, such as the fine structure constant a=2ze?/hc, 
the ratio of the rest masses of proton and electron r = m,/m, 
and the ratio of the electric radius to the gravitational 
radius of the electron R=e?/'m2, (! =universal gravita- 
tional constant), numbers which previously had been 
considered as absolute constants. The programmatic value 
of these considerations is accentuated by recent develop- 
ments in the physics of elementary particles as well as in 
cosmology. 

It was for instance stated,'~ that, if p=e, m, yu, etc., is 
the charge, the rest mass, the magnetic moment and so on 
of an elementary particle, p would occasionally be found 
to assume values different from those generally accepted 
for the known elementary particles. The actual occurrence 
in cloud chamber photographs was pointed out of particles 
whose e/m is different from that of any conventional 
elementary particle.' It was suggested that easily observ- 
able deviations from the conventional values of p might 
be expected, especially under the following circumstances: 

(a) If time intervals are considered which are long 
enough to change the general physical conditions in the 
universe, such as for instance the wholesale distribution 
of matter and radiation, a distribution which by present 
theories is made responsible for the values of the inertial 
mass of matter. 

(b) If accidental happenings, such as impacts among 
particles and among particles and photons, possess char- 
acteristics which may especially facilitate the realization of 
intrinsic transformations of the considered elementary 
units. 

Considerations of the type (a) have since been elaborated 
and in part tested experimentally by the writer,’: 5 as well 
as by other authors® in an attempt to arrive at a deeper 
understanding of the redshift of light from distant nebulae 
and other astronomical phenomena. The possible variabil- 


ity of R, r and @ has been shown to open up entirely new 
outlooks if time intervals of the order of a billion years are 
considered. 

Processes of the type (b) have recently been suggested 
by many authors’ in discussions of the penetrating cosmic- 
ray particles whose existence confirms the prediction that 
the assumption of the variability of the physical properties 
p of elementary particles would prove indispensible for a 
rational understanding of cosmic-ray phenomena, as | 
stated long before the recent developments.'~* 

In this connection a trebly reflected cloud chamber track 
of a charged particle described by G. Herzog and P. 
Scherrer® is of considerable interest. The succession of 
curvatures on this track would seem to point to a violation 
of the principle of conservation of energy, and the men- 
tioned authors therefore dismiss it as accidental. The track, 
however, also admits of an interpretation in terms of 
changing values of e/m caused by violent collisions. 

Gains in energy, as in the track just mentioned, as well 
as the excessive losses of energy, described for instance by 
W. Bothe,’ might often be only apparent, because of a 
decrease or an increase in the value of e/m of an elementary 
particle during a collision. This possibility suggests a 
systematic reexamination of single and multiple reflections 
of very fast electrons on for instance solid surfaces and in 
gases. Positive results of such experiments would put on a 
new basis the interpretation of changes in curvature of the 
path of particles passing through matter. 

Finally it can be shown that the preceding considerations 
suggest important modifications in the formulation of the 
uncertainty principle of quantum mechanics, and I there- 
fore intend to present the implications involved in more 
detail in another place. 

F. Zwicky 
California Institute of Technology, 


Pasadena, California, 
January 26, 1938. 


1F. Zwicky, Phys. Rev. 43, 1031 (1933). 

2 F. Zwicky, Phil. Sci. 1, 353 (1934). 

3 F. Zwicky, Proc. Nat. Acad. Sci. 23, 169 (1937). 

4F,. Zwicky, Phys. Rev. 48, 169 (1935). 

5 F. Zwicky, Phys. Rev. 48, 802 (1935). 

6 J. A. Chalmers, V. B. Chalmers, Phil. Mag. 19, 436 (1935); P. A. M. 
Dirac, Nature 139, 323 (1937); P. Jordan, Naturwiss. 25, 513 (1937). 

7 See for instance H. Euler, Physik. Zeits. 38, 943 (1937); G. E. M. 
Jauncey, Phys. Rev. 52, 1256 (1937); S. H. Neddermeyer, Phys. Rev. 
53, 102 (1938). 

8 G. Herzog and P. Scherrer, J. de phys. 6, 489 (1935). 

*W. Bothe, Kernphysik (Ed. E. Bretscher), (Verlag J. Springer, 
Berlin, 1936) p. 76. 
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Modified High Speed Geiger Counter Circuit 


Although the speed of the circuit designed by Neher! 
is quite satisfactory, it suffers from the disadvantages of 
requiring insulation for the cylinder and shielding if two 
or more Geiger counters are used to count coincidences. 
Also, the capacity of the cylinder for large counters 
introduces a longer reaction time. With the circuit to be 
described the cylinder of the counter is grounded. 
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Fic. 1. High speed Geiger counter circuit. Ri =5 X10® ohms; R2= 108 
ohms; Vi =45 volts; V =counter threshold + 100 v; C =50 to 100yyf. 


The circuit is shown in Fig. 1. Since there is no bias on 
the control grid the radio tube is normally in a conducting 
state. Since the drop in potential across the tube is small, 
practically the full potential, V, is across the Geiger 
counter. When an ionizing particle passes through the 
counter a negative charge flows to the wire and thence to 
the control grid. The 57 tube then becomes nonconducting 
and the resistance R; pulls the cathode, grid, etc. toward 
ground potential. Cathode-ray oscillograph figures indicate 
that in all cases the potential of the cathode drops only to 
threshold potential or at most only a few volts below. 
The potential then recovers itself either partially or 
completely depending upon the time before the beginning 
of the next pulse. If the threshold of the counter becomes 
greater than 1500 volts, it is advisable to place a resistance 
of say 5X 105 ohms between the high voltage supply and 
the cathode to by-pass some of the current. This keeps 
the drop in voltage in the 57 tube from becoming too 
large, because of the grid current. 

The advantages offered by this circuit over the previous 
one are: (1) The cylinder of the Geiger tube is grounded. 
(2) High potentials are not applied across the radio tube. 
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(3) No grid bias is necessary. (4) Either a positive or 
negative pulse may be taken off. (A positive pulse may 
be obtained from the plate by inserting a resistance of, 
say, 2X10 ohms in the plate lead.) The disadvantages 
are: (1) An insulated heater supply must be provided, 
(2) There is a constant drain of about one milliampere on 
the high voltage supply. If it is desired a self-bias may be 
used for the screen potential. 
Further details will be published in this journal at a 

later date. 

H. V. NEHER 

W. H. PickerInG 


Norman Bridge Laboratory of Physics, 
California Institute of Technology, 
Pasadena, California, 
January 25, 1938. 


1H. V. Neher and W. W. Harper, Phys. Rev. 49, 940 (1936). 





Multivibrator Geiger Counter Circuit 


Recently Getting! has described a Geiger counter circuit 
which may be called a choked multivibrator. Brammer, 
Miss Hodge and the writer have employed this circuit for 
more than a year, obtaining the fundamental idea from a 
paper by Gingrich, Evans and Edgerton.? There are several 
features of its operation which deserve further discussion. 

(1) When one is not attempting to secure very high 
speeds of operation, the constants of the circuit can be 
varied widely. We have used ’32 tubes as well as ’57 tubes. 
We have had no success with the ’53 double triode, no 
doubt because of its large grid current. With either '57 or 
*32 tubes, plate voltages as low as 135 (with correspondingly 
low screen grid voltages) are satisfactory. 

(2) The circuit shown by Getting is asymmetrical. Re- 
ferring to his figure, the time constant of the second grid 
circuit is much lower than that of the first. The constants of 
our circuits are similar. The advantage is this: when the 
second tube initiates the return of the circuit to its normal 
condition after a count, and the output pulse is taken from 
the plate circuit of the first tube, the output capacity can be 
varied considerably without affecting the total recovery 
time. This facilitates the use of different recording circuits 
and mechanisms. 

(3) There are two slight modifications which greatly in- 
crease the convenience of operation. (a) In practice, when 
the circuit recovers, the voltage at the plate of the first tube 
may ‘“‘overshoot,” going below the normal value and finally 
returning to normal. Unless controlled, this can result in 
doubling the number of pulses which actuate the recording 
circuits. The trouble can be cured by merely cutting down 
the regeneration; a potentiometer replaces the plate re- 
sistance of the second tube and the coupling condenser is 
connected between the first grid and the variable tap of the 
potentiometer. (b) Similarly, when the output pulse is 
secured from the plate of the first tube, it can be varied in 
magnitude by substituting a potentiometer for the plate 
resistance of that tube. 
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(4) Getting states that the Neher-Harper circuit requires 
the first vacuum tube to stand the entire counter voltage, 
and remarks that all the tubes are used within their ratings 
in the multivibrator circuit. However, the writer tried a 
modification of the Neher-Harper circuit in which the tube 
operated at rated potential; the source of high voltage for 
the counter was inserted between one counter terminal and 
the plate of the first tube; this source was an unshielded 
bank of B batteries, about 1000 volts in all, but no trouble 
was experienced in getting the arrangement to count. It 
was used both with the counter wire on the grid of the first 
tube and with the cylinder of the counter on the grid. (Of 
course the circuit constants were appropriately changed in 
going from one of these arrangements to the other. The 
counter wire was always positive to the cylinder in these 
tests.) A real advantage of the multivibrator over the 
Neher-Harper arrangement is that it works with the first 
grid normally at ground potential. When the grid potential 
is adjusted in the Neher-Harper circuit the voltage applied 
to the counter is altered, and this change must be compen- 
sated in many types of work. 

(5) Dr. Getting remarks that the statistics of the multi- 
vibrator circuit are different from those of previous ones. 
Brammer and the writer® have treated the corrections for 
recovery time in any circuit which controls the counter 
voltage during the discharge and the subsequent period in 
which the ions are swept out of the counter. It is believed 
that in general the analysis given applies to both the multi- 
vibrator circuit and the Neher-Harper circuit. 

ARTHUR RUARK 


Department of Physics, 
University of North Carolina, 

Chapel Hill, N. C., 

January 15, 1938. 


1 Getting, Phys. Rev. 53, 103 (1938). 
? Gingrich, Evans and Edgerton, Rev. Sci. Inst. 7, 450 (1936). 
3 Ruark and Brammer, Phys. Rev. 52, 322 (1937). 





Note on the Existence of Heavy Beta-Rays 


During the winter of 1936-37 the author, together with 
J. J. Turin, E. R. Gaerttner and D. S. Bayley, carried 
out some rather extensive experiments in an effort to 
determine whether or not beta-rays of nuclear origin 
behaved differently from those of extranuclear origin. 
The results of a comparison of nuclear beta-rays with 
recoil electrons produced by gamma-rays seemed at the 
time to indicate that a difference in penetrating power 
existed.! The idea that the total energy (mass plus kinetic) 
might be the same for all the beta-rays from a given kind 
of emitter, and equivalent to the energy lost by the 
nucleus was at that time discussed as an alternative to 
the neutrino hypothesis. In the course of discussion of 
this idea at the Washington Conference on Theoretical 
Physics! many grave objections to such a mechanism were 
brought forward, the principal of which were the results 
of calorimetric experiments on Ra E, measurements on 
the primary ionization of beta-rays, and the stopping 
power of matter for beta-rays of various momenta from a 
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given source. However, in spite of these arguments, 
experiments specifically designed to test such a hypothesis 
were carried out by the group of which the author was a 
member, and also by C. T. Zahn and A. H. Spees. The 
latter have already published a preliminary note? on their 
results. Inasmuch as the same question has again been 
raised® (this time in regard to Ra E it seems appropriate 
to describe briefly an experiment performed in this labora- 
tory which bears directly upon the question raised, even 
though a different beta-ray emitter (Li) was used. 

Li® emits a continuous spectrum of beta-rays having an 
upper limit of 12 Mev.‘ Using the cloud chamber method 
already described’ we measured the absorption in } cm 
of carbon of a group of beta-rays coming from about the 
center of the spectrum. We next carried out the same 
absorption measurements on a group of beta-rays which 
originated near the upper limit of the spectrum, but 
which had been slowed down to the same momentum as 
those measured in the first case, by passage through about 

3 cm of carbon surrounding the source. The results 
indicated that the beta-rays from these two widely sepa- 
rated parts of the spectrum were absorbed very nearly 
alike when brought to the same momentum. On the 
hypothesis considered by us, and later by Jauncey,’ the 
beta-rays originating near the middle of the spectrum (say 
10 mC momentum) should have lost roughly six times 
as much energy as those taken from the upper end of the 
spectrum. In fact a consideration of the kinetic energy 
shows that they should not have passed through the } cm 
carbon absorber in the cloud chainber at all. Results for 
the fractions stopped by the carbon are given below, based 
upon a total of about 1000 tracks. 


Momenta of incident 

particles, in units mC 6to8 8 to 10 10 to 12 12 to 14 
Unfiltered 64% 45% 34% 15% 
Filtered 63% 41% 27% 17% 


In addition to this, the loss of momentum suffered by 
those particles which passed through the carbon absorber 
was found to be the same for the filtered and unfiltered 
groups, and agreed with the theoretical predictions for 
ordinary electrons. It therefore appears that if in the case 
of Ra E the rest mass is continuously variable and is a 
function of the initial momentum,’ the phenomenon does 
not extend to all beta-ray emitters, and cannot be thought 
of as clearing up the question of the conservation of energy 
in beta-ray emission. 

In the course of the experiments described a few individ- 
ual beta-rays (amounting to only a small fraction of a 
percent of the total number) appeared to behave in an 
anomalous way, but a satisfactory interpretation of these 
cases has not been found. 

H. R. CRANE 

University of Michigan, 


Ann Arbor, Michigan, 
January 25, 1938. 


! Breit, Rev. Sci. Inst. 8, 141 (1937). 
? Zahn and Spees, Phys. Rev. 52, 524 (1937). 
3 Jauncey, Phys. Rev. 52, 1256 (1937); Phys. Rev. 53, 106 (1938); 
Phys. Rev. 53, 197 (1938). 
‘ Bayley and Crane, Phys. Rev. 52, 604 (1937). 
ws and Crane, Phys. Rev. 52, 63 (1937); Phys. Rev. 52, 610 
7). 
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A New Method of Measuring Nuclear Magnetic Moment* 


It is the purpose of this note to describe an experiment 
in which nuclear magnetic moment is measured very 
directly. The method is capable of very high precision and 
extension to a large number and variety of nuclei. 

Consider a beam of molecules, such as LiCl, traversing 
a magnetic field which is sufficiently strong to decouple 
completely the nuclear spins from one another and from 
the molecular rotation. If a small oscillating magnetic 
field is applied at right angles to a much larger constant 
field, a re-orientation of the nuclear spin and magnetic 
moment with respect to the constant field will occur when 
the frequency of the oscillating field is close to the Larmor 
frequency of precession of the particular angular mo- 
mentum vector in question. This precession frequency is 
given by 


v=pH /hi = g(i)uoH/h. (1) 

To apply these ideas a beam of molecules in a !Z state 
(no electronic moment) is spread by an inhomogeneous 
magnetic field and refocused onto a detector by a subse- 
quent field, somewhat as in the experiment of Kellogg, 
Rabi and Zacharias.’ As in that experiment the re-orienting 
field is placed in the region between the two magnets. 
The homogeneous field is produced by an electromagnet 
capable of supplying uniform fields up to 6000 gauss in a 
gap 6 mm wide and 5 cm long. In the gap is placed a loop 
of wire in the form of a hairpin (with its axis parallel to 
the direction of the beam) which is connected to a source 
of current at radiofrequency to produce the oscillating 
field at right angles to the steady field. If a re-orientation 
of a spin occurs in this field, the subsequent conditions 
in the second deflecting field are no longer correct for 
refocusing, and the intensity at the detector goes down. 
The experimental procedure is to vary the homogeneous 
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MAGNET CURRENT IN AMPERES 


Fic. 1. Curve showing refocused beam intensity at various values of 
the homogeneous field. One ampere corresponds to about 18.4 gauss. 
The frequency of the oscillating field was held constant at 3.518 « 106 
cycles per second. 
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field for some given value of the frequency of the oscillating 
field until the resonance is observed by a drop in intensity 
at the detector and a subsequent recovery when the 
resonance value is passed. 

The re-orientation process is more accurately described 
as one in which transitions occur between the various 
magnetic levels given by the quantum number m; of the 
particular angular momentum vector in question. An exact 
solution for the transition probability was given by Rabi?: 
for the case where the variable field rotates rather than 
oscillates. However, it is more convenient experimentally 
to use an oscillating field, in which case the transition 
probability is approximately the same for weak oscillating 
fields near the resonance frequency, except that @ is 
replaced by #/2 in Eq. (13). With this replacement and 
with passage to the limit of weak oscillating fields, the 
formula becomes for the case of i=} 


vw? 


fame {wtr[(1—g)*+qd*}!}, (2) 
—9)?+98 


P(3, —3)= 


where #@ is } the ratio of the oscillating field to the steady 
field, g is the ratio of the Larmor frequency of Eq. (1) to 
the frequency r of the oscillating field. The denominator 
of the expression is the familiar resonance denominator. 
The formula is generalized to any spin 7 by formula (17).? 

In the theory of this experiment, ¢, in Eq. (2), is replaced 
by L/v, where L is the length of the oscillating region of 
the field, and v is the molecular velocity. P(}, —}) must 
then be averaged over the Maxwellian distribution of 
velocities. However, the first term is not affected by the 
velocity distribution if ¢ is long enough for many oscillations 
to take place. The average value of the sin® term over the 
velocity distribution is approximately }. 

To produce deflections of the weakly magnetic molecules 
sufficient to make the apparatus sensitive to this effect, 
the beam is made 245 cm long; the first deflecting field is 
52 cm in length and the second 100 cm. 

We have tried this experiment with LiCl and observed 
the resonance peaks of Li and Cl. The effects are very 
striking and the resonances sharp (Fig. 1). A full account 
of this experiment, together with the values of the nuclear 
moments, will be published when the homogeneous field 
is recalibrated. 


I. I. Rast 

J. R. ZACHARIAS 
S. MILLMAN 

P. Kuscu 


Hunter College (J. R. Z.), 
Columbia University, 
New York, N. Y. 
January 31, 1938. 


* Publication assisted by the Ernest Kempton Adams Fund for 
Physical Research of Columbia University. 

1 Kellogg, Rabi and Zacharias, Phys. Rev. 50, 472 (1936). 

2 Rabi, Phys. Rev. 51, 652 (1937). 

3C. J. Gorter, Physica 9, 995 (1936). We are very much indebted to 
Dr. Gorter who, when visiting our laboratory in September 1937, drew 
our attention to his stimulating experiments in which he attempted to 
measure nuclear moments by observing the rise in temperature of solids 
placed in a constant magnetic field on which an oscillating field was 
superimposed. Dr. F. Bloch has independently worked out similar 
ideas but for another purpose (unpublished). 
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Heavy Electrons from Radium E— Discussion 
of the Evidence 


The evidence for the existence of heavy beta-rays as 
given in the previous two letters! has been subject to the 
following objections: (a) the voltage across the velocity 
selector is not that determined by the voltage measuring 
device, (b) the resolving power of the velocity selector is 
zero, and/or (c) the “heavy electron’”’ band on the film is 
due to ordinary electrons being multiply reflected or 
scattered within the selector. 

Objection (a) is ruled out by the presence of the line 
due to the ordinary electrons in the photograph shown in 
my last letter.? This line occurs at the position on the film 
required by the selector velocity, 8.c = E/H. 

To answer (b), we consider the velocity selector.* 
Making the approximations that the force Ee on the 
electron is opposite to the force HeBc on it and that the 
curvature 1/p’ inside the selector is constant, we obtain 


Be=B+ pmos*c/Hep'(1 —6*)}, (1) 


where pmo is the mass of the electron. To obtain the re- 
solving power, we put p’=+/?/8w=+29.8 cm (see pre- 
vious letter). At the moment it is only necessary to show 
that the “heavy electron” band is not produced by ordi- 
nary electrons. The ranges of 8=v/c for the ordinary 
electrons allowed through the selector for the films de- 
scribed in my last letter are from 8; to B2 and from ; to 
unity, as follows: 





FILM Bs | Bi | Be Bs 











5 | 0.34 | 0.33 | 0.37 | 0.96 aa | 0.32 ~ 4.02 
8 | 0.33 | 029 | 043 | 0.7 | 195 | 105 | 040 | 0.47 





The corresponding displacements on the films are shown 
under si, s2, and s3. The blanks indicate that the magnetic 
field was great enough to prevent the ordinaries from 
reaching the film. The displacement of the center of the 
“heavy electron” band is shown under s,. Obviously this 
band could not have been produced by ordinary electrons. 
Although for film 8 the selector will pass ordinaries of 8 
from 0.29 to 0.43 and so should give a width of 0.90 cm for 
the ordinary line, yet the observed width is about 0.2 cm. 
In agreement with the theory of the selector, this indicates 
that the probability of the selector passing ordinary elec- 
trons is highest when 8=8,. For the heavies the range of 8 
depends on the mass pmo. Consider film 5. For p=2, the 
range of 8 is from 0.30 to 0.41 and from 0.85 to 1.0, while 
for p=3.33 the range is from 0.29 to 1.0. In the latter case 
the resolving power may be said to approach zero. In 
this case the magnetic field outside the selector spreads 
the heavies out into a combination of mass and velocity 
spectrum. The distribution in this spectrum depends upon 
the probability that an electron of a certain velocity will 
get through the selector and upon the relative prevalence 
of the beta-rays with the mass corresponding to this 
velocity. Although the values of p in the previous letters 
are not exact, they cannot be very far wrong since they are 
calculated from the displacement of the center of the 
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“heavy” band. I am now using higher resolving power and 
shall report my results shortly. 
To answer (c), I need only report the following: Using 
a new selector with E=100,000 volts/cm, I have found 
that with H=740 gauss (8,=0.45) both ordinary and 
heavy electrons are recorded, but that with H=830 
gauss (8,=0.40) no heavy electrons (or very few) are 
recorded although the ordinary line was quite distinct. 
This means that the selector was passing very few or no 
heavies. It also means that the multiple reflection of 
ordinaries is not responsible for the “heavy” band. 
G. E. M. Jauncey 
Wayman Crow Hall of Physics, 
Washington University, 
St. Louis, Missouri, 
January 31, 1938. 


! Jauncey, Phys. Rev. 53, 197 (1938). 

2 Jauncey, Phys. Rev. 53, 265 (1938). 

3 Dr. C. Zahn gave an excellent description of the theory of the 
selector at an informal meeting on January 30, 1937. 





On Magnetic Anisotropy in Ferromagnetic Crystals in 
Weak Fields 


The Physical Review recently published important results 
of Williams' who first studied the magnetic properties of 
crystals in specimens of closed form. Williams showed that 
the magnetization curves of crystals are different along 
different directions even in weak fields. The initial mag- 
netic susceptibilities along the [100], [110] and [111] 
directions were found to be approximately in the ratio 
6:3:2. 

The fact that magnetic anisotropy may exist, even in 
weak fields, was indicated by Akulov.? Akulov came to this 
conclusion on the basis of the assumption that the work 
expended on magnetization in any direction is one and the 
same function of the sum of the components of the mag- 
netization vector along the axes of easy magnetization. 
From this Akulov finds that in weak fields the values of the 
susceptibilities along the [100], [110] and [111] axes 
should be in the ratio of 6 : 3 : 2. 

In order to explain magnetic anisotropy in weak fields 
Bozorth® assumed that when // is applied, for example, 
along the [110] direction the component of H/ along [100] 
will produce a magnetization in that direction given by 
the [100] magnetization curves. On the basis of this 
assumption Bozorth also comes to the conclusion that the 
initial susceptibility along the [100], [110] and [111] axes 
should be as 6 : 3 : 2. 

It should be noticed that these conclusions inevitably 
contain certain implicit assumptions concerning the initial 
state of the crystal before magnetization. It is interesting 
to examine this question from the viewpoint of a model of 
the process of magnetization in weak fields, as a process of 
displacement of boundaries between regions of spontaneous 
magnetization. The model was originated in the works of 
Sixtus and Tonks‘ and was further developed theoretically 
by Becker® and Bloch, and also in part in a recent work 
of the writer.? Starting with this model we find that in 
weak fields, when the spins remain directed along the 
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axes of easy magnetization, the susceptibility of iron may 
be divided into two parts, «\; = J\;/H and xy =1,/H, where 
Ij is the magnetization arising from the displacement of 
boundaries between regions with antiparallel resultant 
spins; and J, is the magnetization arising from the dis- 
placement of boundaries between regions with resultant 
spins forming an angle of 90°. To obtain formulae for 
magnetic anisotropy in weak fields it is necessary to cal- 
culate x); and «x, for an arbitrary direction in the crystal. 
After carrying out the corresponding calculations the 
following formula for initial susceptibility xo is obtained: 


Ko= KI) +X, 
«|= xi(1hy?+noh2?-+n3h3"), 
Ki>= ko[ ang (he? + hs?) + ngm, (hs? + h,?) +nn2(h,? + he) }. 


where: ”), ”2, m3 are the parts of unit volume of the crystals 
in which the spins are parallel or antiparallel to the axes 
of easy magnetization [100], [010], [001], respectively: 
hy, he, hs, are the cosines of the angles between the directions 
of the magnetic field and these axes; x; and xz are coef- 
ficients independent of the direction of magnetization, 
provided that in any one direction of easy magnetization 
the magnitudes of the stress gradients, and their spatial 
distribution, are on an average the same as in any other. 

It follows from (1) that if there is uniform distribution 
of the spins, i.e., if #:;=2=m3, the susceptibility should 
not depend on the direction of the field. Thus the presence 
of magnetic anisotropy in Williams’ crystals should, from 
the viewpoint of the model under consideration, be ex- 
plained as a result of the presence of preferential spin 
orientations. From the calculations of Kaya and Takaki,® 
made on the basis of measurements of magnetization in 
crystals of iron, it follows that in the initial condition, the 
spins are preferentially orientated along the directions of 
easy magnetization for which the demagnetizing factor 


(1) 
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has the least value (in a specimen of the given form), 
From this it follows that in Williams’ specimens, the 
values of ™, m2, m3 could hardly be equal to one another. 
It is extremely possible that in specimens cut along the 
direction [100] the greater part of the spins were orientated 
parallel or antiparallel to this direction, particularly after 
the specimen has been magnetized once. If it happens that 
for H\|[100] we have m=1, m2=n3=0; for H|\[110] 
n, =n, n3=0 and for H\|[111], 2: =m2=ns, i.e., if there is 
a most preferential orientation it follows from (1) that 
the initial susceptibilities in these cases should be as 


3 ke 4 ke 
° - —_ . 9 — = ° 
6:(3+5%): (244) 


When «:>>k: this gives the ratio 6 : 3 : 2. 

There is reason to suppose that J); is either entirely, or 
to a considerable degree irreversible and x; represents the 
initial irreversible susceptibility (up to the present time, 
the initial susceptibility has been supposed equal to the 
initial reversible susceptibility). Therefore, measurements 
of the reversible susceptibility of these crystals would be 


of interest. 
E. KonDoRSKY 


Physical Institute of the State University, 
Moscow, U.S. S. R.., 
December 21, 1937. 


1H. J. Williams, Phys. Rev. 52, 747, 1004 (1937). 

2N. Akulov, Zeits. f. Physik 69, 78 (1931). 

3R. M. Bozorth, J. App. Phys. 8, 575 (1937). 

4K. J. Sixtus and L. Tonks, Phys. Rev. 37, 930 (1931) ; 42, 419 (1932); 
L. Tonks and K. J. Sixtus, 43, 70, 931 (1933). 

5 R. Becker, Physik. Zeits. 33, 905 (1932). 

6 F. Bloch, Zeits. f. Physik 74, 295 (1932). 

7 E. Kondorsky, Physik. Zeits. Sowjetunion 11, 597 (1937). 

8 It should be noticed, that in his work Akulov also divided the mag- 
netization into two parts, the first being the magnetization arising from 
longitudinal inversions of spins, and the second from transverse ones, 
but this author considered the process of inversions of spins from a 
different point of view. 

*S. Kaya and H. Takaki, J. Hokkaido. Univ. 1, 227 (1935). 
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Proceedings of the American Physical Society 


MINUTES OF THE INDIANAPOLIS, INDIANA MEETING, DECEMBER 28-30, 1937 


HE 39th Annual Meeting (the 218th regular 

meeting) of the American Physical Society 
was held at Indianapolis, Indiana on Tuesday, 
Wednesday and Thursday, December 28, 29 
and 30, 1937 in affiliation with Section B— 
Physics—of the American Association for the 
Advancement of Science. The presiding officers 
were Professor H. M. Randall, president of the 
Society, Dr. Lyman J. Briggs, vice president, 
Professor G. Breit, Professor H. A. Erikson and 
Professor H. H. Marvin. There were about three 
hundred physicists in attendance at the meeting. 
All sessions were held at the Indianapolis Ath- 
letic Club. 

The joint session with Section B of the A.A.A.S. 
and the American Association of Physics 
Teachers was held on Tuesday afternoon at 
two-thirty o’clock. Dr. Harvey Fletcher of the 
Bell Telephone Laboratories, Inc., vice president 
of Section B, presided. The retiring vice president 
of Section B, Dean George B. Pegram of Colum- 
bia University made an address. Professor H. M. 
Randall of the University of Michigan, president 
of the American Physical Society, delivered an 
address on ‘“The Spectroscopy of the Infra-Red”’ 
and Professor G. Breit of the University of Wis- 
consin, spoke on ‘Some Recent Progress in the 
Understanding of Nuclei.” 


On Wednesday evening at seven o'clock in the * 


Lantern Room the members and friends of the 
American Physical Society and the American 
Association of Physics Teachers convened for 
dinner. Two hundred and sixty-five were present. 
President Randall presided and called upon F. K. 
Richtmyer, president of the American Associ- 
ation of Physics Teachers to speak. Professor 
Richtmyer in turn called upon Professor D. L. 
Webster to make the annual award of the 
American Association of Physics Teachers to 
Professor Edwin H. Hall of Harvard University. 
Professor Hall responded with an outline of the 
early history of the development of laboratory 
apparatus in the United States. He also recited 
one of his own sonnets to the delight of all the 
guests. The Chairman then called upon, Dr. 


Lyman J. Briggs of the National Bureau of 
Standards and Professor G. W. Stewart of the 
State University of lowa for brief remarks. 

Annual Business Meeting. The regular annual 
business meeting of the American Physical 
Society was held on Tuesday afternoon, Decem- 
ber 29, 1937 at two o'clock, President Randall 
presiding. The President had appointed Messrs. 
Walker Bleakney and H. W. Webb to canvas the 
ballots for the officers of the Society. They 
reported the following elections: 


President, LYMAN J. BRIGGS 

Vice President, JouN T. TATE 

Secretary, W. L. SEVERINGHAUS 

Treasurer, GEORGE B. PEGRAM 

Managing Editor, Joun T. TATE 

Members of the Council, four year term, G. W. 
STEWART, RICHARD C. TOLMAN 

Members of the Board of Editors, three year term, 
A. L. HuGues, F. A. Jenkins, THomMAs H. 
JOHNSON. 


The Secretary reported that during the year 
there were 241 who accepted election to mem- 
bership and seventeen were reinstated to active 
membership. The deaths of twenty members 
were reported, fourteen members resigned and 
twenty-seven members were dropped. The mem- 
bership as of December 24, 1937 was as follows: 
Honorary Member, 5; Fellows, 745; Members, 
2363 ; total, 3113. 

The Treasurer presented a summary of the 
financial condition of the society. It was im- 
possible to present a final report for the year at 
the Annual Meeting because the fiscal year ends 
on December 31. The Treasurer’s financial report 
will be audited, printed and distributed to 
members. 

The Managing Editor made a brief report on 
the general status of the publications of the 
society and stated that a detailed, audited 
financial report for 1937 would be printed and 
distributed. 

The Annual Business Meeting adjourned at 
two-twenty P.M. 
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Meeting of the Council. At the meeting of the 
Council held on Tuesday morning, December 28, 
' 1937 one candidate was elected to fellowship, 
eight members were transferred from member- 
ship to fellowship and thirty-five candidates were 
elected to membership. Elected to fellowship: 
Hilario Magliano. 7ransferred from membership 
to fellowship: Charles S. Fazel, R. G. Herb, 
Herrick L. Johnson, Edward B. Jordan, R. C. 
Mason, Richard D. Present, F. Simon, and 
Dudley Williams. Elected to membership: J. M. 
Anderson, Clarence L. Babcock, Paul D. Bales, 
E. Irving Bergeson, Robert J. Bessey, Rolf 
Buchdahl, Harold E. Clark, Vincent Dillon, 
Joseph D. Elder, W. A. Fowler, Philip W. 
Froebes, David C. Grahame, Raymond Gustaf- 


- 
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son, Donald E. Hull, William P. Hurley, F. 
Joliot, F. London, Myron S. McCay, R. Naidu, 
Marcel K. Newman, Anna R. Oliver, Robert D. 
Park, Herbert Schimmel, W. M. Schwarz, Takeo 
Shimizu, Merle A. Starr, Louis G. Stier, James 
A. Van Allen, A. E. Vivell, John W. Walker, 
Ernest T. S. Walton, Yuzuru Watase, George 
Welch, Gifford E. White and John S. Wiggins. 

The regular scientific program of the Society 
consisted of sixty-four contributed papers, num- 
ber 25 having been withdrawn. Numbers 19, 36, 
37, 49 and 59 were read by title. The abstracts 
of the contributed papers are given in the fol- 
lowing pages. An Author Index will be found at 
the end. 

W. L. SEvERINGHAUs, Secretary 


ABSTRACTS 


1. On the Hydrodynamical Theory of the Viscosity of 
Suspensions. EUGENE GutH, University of Notre Dame, 
AND Otto GoLp, University of Vienna. (Introduced by 
George B. Collins.)—Einstein, in his thesis, 1906, developed 
a theory of the viscosity of a suspension. He calculated the 
disturbance which a spherical particle causes in a laminar 
stream of a viscous fluid. From the energy dissipated, he 
derived an equation connecting the viscosity of the solvent, 
n, with the viscosity of the suspension, m, the total volume, 
v, of the suspended particles and the volume, V, of the 
suspension: 7 = no(1 —2.5v/V). This relationship holds only 
for small concentrations. For higher concentrations one 
must take into account the mutual disturbance caused by a 
pair of particles of a laminar stream. This has been done 
by a special adaptation of the method of reflections, first 
introduced by H. A. Lorentz for taking into account the 
influence of walls on Stokes’s law. A lengthy calculation 
leads to the result: 7=0(1—2.5v/V—14.1v?/V*). This 
equation is applicable to all solutions of high molecular 
substances with spherical shape, such as rubber latex 
solutions, protein solutions, and the changing of the vis- 
cosity of lubricating oils by the addition of small quantities 
of higher molecular compounds. The equation was verified 
experimentally in the case of suspended glass spheres. 


2. The Viscosity of Monolayers: Theory of the Surface 
Slit Viscosimeter. WiLL1AmM D. HARKINS AND JOHN G. 
KirKwoop, University of Chicago—The surface vis- 
cosimeter which makes use of the flow of a film through a 
rectangular capillary slit possesses many advantages in 
comparison with other types. Perhaps the greatest of these 
is the fact that, since it has no moving parts, no motion is 
imparted to the substrate (usually aqueous) by the instru- 
ment. Since surface viscosimeters which utilize moving 


rings or disks impart such a motion, their theory is thus 
made much more complicated. If 


a=fi-—f2/l 


n=aa*®/12A —ano/z, 


where a is the diameter of the slit, f the surface pressure, 
A is the area flux, 7 the viscosity of the film, and 7 of the 
water, and / the length of the slit. The viscosity of a film 
of arachidic acid, with 20 C atoms in a straight chain, is 
found, in work with Dr. R. J. Myers, to be 0.0017 surface 
poises. Expanded films, such as that of oleic acid, have ex- 
ceedingly small viscosities. Several ring surface viscosim- 
eters have also been developed in the laboratory, and 
these are suitable for work with plastic films. 


3. Arrangement of Molecules in Unimolecular and 
Multimolecular Layers. L. H. GERMER AND K. H. Storks, 
Bell Telephone Laboratories, Inc., New York, N. Y.—Our 
recent study! of the structure of films built from many 
molecular layers of stearic acid by the Langmuir-Blodgett 
technique has been extended to unimolecular layers of 
stearic acid, and to unimolecular and multimolecular layers 
of barium stearate. Electron diffraction patterns from 
barium stearate prove that films several molecules thick 
have hexagonal structures with c axes parallel to axes of the 
hydrocarbon chains and normal to the supporting surface. 
Details of the patterns vary with pH of the water, which 
controls the amount of barium in the film. In single 
molecular layers also barium stearate molecules are ar- 
ranged with axes normal to the supporting surface, but in 
one layer there exists almost no regularity in lateral spac- 
ings. Single layers of stearic acid molecules have the same 
arrangement as barium stearate in single layers, although 
multi-layers of the acid have an entirely different struc- 
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ture! We suggest that this difference is due to combina- 
tion of the first layer of acid molecules with a metal surface. 
From multi-layers of stearic acid diffraction patterns 
differ widely ; these represent different polymorphic forms. 


1 Proc. Nat. Acad. 23, 390 (1937). 


4. Electric Moment of the Methyl and Ethyl Alcohol 
Molecules. J. D. STRANATHAN, University of Kansas.— 
The dielectric constant of methyl alcohol vapor has been 
determined at 14 temperatures between 25.0° and 206.0°C. 
At each temperature measurements have been made at an 
average of 23 different pressures ranging from zero up to 
near saturation. The polarization at any one temperature 
was obtained by a least square solution for the slope of the 
best straight line through observations at various pres- 
sures at that temperature. A least square solution for the 
best Debye line through the polarization data at different 
temperatures yields a preliminary value (1.694+0.003) 
X10 e.s.u. for the electric moment of the methyl alcohol 
molecule. The moment here found is in essential agreement 
with values reported by Miles and by Kubo. It is obtained, 
however, from more extensive data, and has associated 
with it a smaller probable error. Data on ethyl alcohol 
previously published by Knowles have been recalculated, 
using a least square treatment throughout, and making a 
minor correction to the value he used for the absolute 
zero of temperature. The resultant moment is (1.690 
+0.005) x 1078 e.s.u. Knowles, using largely a graphical 
determination of slopes, obtained 1.686 107!*; no prob- 
able error was stated. 


5. Permanent Electrets as a Function of the Method of 
Preparation. WILFRED M. Goop, University of Kansas. 
(Introduced by J. D. Stranathan.)—Preliminary to a pro- 
posed study of the effect of the method of manufacture of 
electrets upon their subsequent behavior, it was deemed 
advisable to develop a procedure of manufacture which 
could be accurately controlled, and which would yield 
electrets with uniformly smooth surfaces and not subject 
to cracking. Electrets have been made in an oil bath whose 
temperature is automatically and continuously lowered 
from 90° to 30°C over a period of from 1 to 10 days, 
The conventional tin foil electrodes have been replaced 
by rigid electrodes of solid tin. The resulting electrets have 
exceptionally smooth and closely parallel surfaces, and 
show no tendency to crack provided the electric field is 
applied at the proper temperature (75°C). Application of 
the field at a higher temperature (90°C) has caused each of 
the 4 electrets so made to crack in a peculiar manner ap- 
parently associated with the fringing of the electric field. 
Preliminary measurements indicate that electrets made as 
described above show the same general behavior as those 
cooled more rapidly in air, though there is some indication 
that the time of aging is affected. 


6. The Variation of Apparent Ionic Volumes with Con- 
centration in Aqueous Solutions. G. W. Stewart, State 
University of Iowa.—The free ion theory of electrolytes 
leads to a linear relation between the apparent ionic mol 


volume of an electrolyte, #, and the square root of the 
concentration, c, at dilute solutions, and also to values of 
the rate of change of the former with the latter. While the 
theory is of distinct value, it is seriously inadequate. Of 
208 strong electrolytes only 62 percent have the #—c# 
linear variation, and with these the values of the rate of 
change of # with ct vary widely from the computed values, 
the divergence being from one-fifth to fifteen times. In 22 
percent the linear relation is more nearly ¢ than c*, As- 
suming an approximately linear relation at dilute solutions 
the value of the exponent of c varies from a —0.5 to 2.0. 
The explanation of the limitation in the free ion theory is 
the absence of a consideration of liquid structure or of the 
forces that produce it. 


7. The Existence of a Vitreous State in Gelatin Gels. 
BasILe J. Luyet, St. Louis University —Gelatin gels of 
concentrations varying from 10 to 60 percent can take the 
vitreous state, that is, can be brought to temperatures at 
which their viscosity is of the order observed in solid bodies, 
but their structure is not crystalline. For that purpose, the 
gels are immersed in liquid air in thin layers; they then 
keep their transparency and isotropic properties, but 
are hard and breakable as glass; when they are warmed up 
slowly they devitrify, that is, they crystallize, at a tempera- 
ture of more than 150 degrees above the temperature of 
ebullition of liquid air. To insure a sufficient cooling velocity 
during the immersion, the gel layers, when supported on 
glass plates 50 micra thick, can be as much as 0.5 mm thick, 
with a 50 percent gel, while they must not exceed a few 
microns with a 10 percent gel. The experimental demon- 
stration of the fact that a high water content (90 percent) 
can stay unfrozen in an aqueous gel at some twenty de- 
grees below zero requires a revision of the entire problem 


of ‘‘bound water.” 


8. Estimates of Age of the Planet from Isotope Ratios. 
ARTHUR BRAMLEY, Washington, D. C.—Recent opinion on 
radioactivity of potassium supports Muhloffs’ value of 
1.8 10° years.! With this value for the half life, the ratio of 
the rate of formation of argon from potassium to that of 
calcium is 1/10° whereas considerations based on the in- 
tensity of gamma-radiation require for this ratio the value 
1/100.2 The relative abundances of Ca*® and K* on the 
earth's crust taken in conjunction with this value for 
mean life indicate that the nuclei of Ca*® and K* have 
been in equilibrium for 2X10" years. This is of the same 
order of magnitude as the age of the stars. If during part 
of this time the temperature of the earth’s atmosphere was 
over 7000°, the argon formed in that period would have 
escaped into interstellar space. The reaction rates as 
calculated from the relative abundance of argon and cal- 
cium and from gamma-ray intensity can be brought into 
harmony provided we assume that the earth’s atmosphere 
was hotter than 7000°, 1 x 10" years ago. An uncertainty in 
these calculations arises from difficulty in determining the 
argon content of the earth’s crust. 

1 Klemperer, Proc. Roy. Soc. 148, 638 (1935). 


? Bramley, Science 86, 424 (1937). 
3 Jean’ Dynamical Theory of Gases, chapter 15, 
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9. The Relation Between Stefan’s Radiation Law and 
Nernst’s Heat Theorem. ARTHUR E. HAAS AND EUGENE 
Gutn, University of Notre Dame.—Although Nernst’s 
heat theorem represents an independent thermodynamic 
principle, the vanishing of the zero entropy may be de- 
rived from ‘‘classical’’ principles in the special case of the 
black-body radiation. We start with the energy equation of 
classical thermodynamics: (@U/d8V)r=T(d@P/dT)y—P, 
where U is the energy, V the volume, 7 the temperature, 
and P the pressure. In applying this general relation to the 
black-body radiation we make use of Stefan’s law accord- 
ing to which the density of energy u is equal to a7‘, a 
being a constant. The integration of the resulting differ- 
ential equation leads to the expression for the radiation 
pressure: p=}a7‘*+b7, b being another constant. The 
insertion of this result into thermodynamical formulas 
yields the following equation for the entropy: S=ja7T*V 
+bV. From Maxwell's electromagnetic theory we have: 
p=u/3. Comparing this with the above expression for the 
radiation pressure, and remembering that u=aT7*, we see 
that 6 must be zero. This, however, requires that S be 
zero when T=0. The statistical interpretation of the 
entropy of the black-body radiation leads to the result that 
the number of photons emitted by a black body is propor- 
tional to 7°. 


10. The Persistence of Molecular Vibration in Colli- 
sions. ROBERT J. Dwyer, R.C.A. Institutes, Inc., Chi- 
cago, Ill—The dispersion of sound, discovered by G. W. 
Pierce and theoretically interpreted by K. F. Herzfeld 
and F. O. Rice, indicates a slow transfer of energy between 
translational and vibrational molecular degrees of freedom. 
It seemed desirable to find a direct optical method of ob- 
serving and measuring this effect. Apparatus has been 
developed in this laboratory for the purpose of investigat- 
ing molecules present in very small concentration, like 
radicals, by their absorption spectra.! The lines of the 
rotational structure of any branch of a band indicate by 
their intensities the relative concentrations in different 
rotational levels. The relative concentrations of molecules 
responsible for two absorption spectra may therefore be 
determined merely by matching rotation lines. The shift 
of concentrations from lower to upper vibrational levels 
caused by the electrical discharge was observed in iodine 
vapor by comparing intensities of the absorption spectrum 
with those when the discharge was on. By varying the 
phase between an electric switch and optical shutter snap- 
shots of the absorption spectrum could be taken at differ- 
ent intervals after the discharge was interrupted. Iodine 
molecules raised from the zero to the first vibrational level 
were able to persist in this level through several thousand 
collisions with other iodine molecules before losing their 
vibration, 


1A. A. Frost and O. Oldenberg, J. Chem. Phys. 4, 782 (1936). A. A. 
Frost, D. W. Mann and O. Oldenberg, J. Opt. Soc. Am. 27, 147 (1937). 


11. A Study of the Anisotropy of the Atomic Vibrations 
of a Zn-Cu Alloy. R. A. Howarp, Washington University, 
St. Louis, Mo.—The atomic structure factors for an alloy of 
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zinc and copper in the e phase, containing approximately 
fifteen atomic percent of copper, have been measured. This 
alloy has an hexagonal lattice with an axial ratio of 1.56, 
which is less than the value of 1.633 for close-packed spheres, 
It has been shown for pure zinc' and pure cadmium,? 
which both have an axial ratio greater than 1.633, that the 
atomic vibrations are greater along the ¢ axis than per- 
pendicular to it. One might, therefore, be led to expect that 
in the case of a crystal in which the atoms are separated by 
less than the normal distance along the ¢ axis, as is the 
case for the Zn-Cu alloy used here, the atomic vibrations 
would be less along the ¢ axis than in a direction normal to 
it. The results show this effect very strikingly. The struc- 
ture factor curve bears a remarkable similarity to that ob- 
tained by Wollan® for a Cd-Ag alloy, which also possesses 
a hexagonal lattice and an axial ratio of 1.56. 

1G. W. Brindley, Phil. Mag. 21, 790 (1936). G. E. M. Jauncey and 
W. A. Bruce, Phys. Rev. 50, 408 (1936). E. O. Wollan and G. G. 
Harvey, Phys. Rev. 51, 1054 (1937). 


2G. W. Brindley, Proc. Leeds Phil. Soc. 3, 200 (1936). 
3 E. O. Wollan, reported at Thanksgiving meeting (1937). 


12. Calculation of Transition Energies of Polymorphous 
Molecular Crystals. M. BRUCH-WILLSTATTER AND H. 
SPONER, University of Wisconsin and Duke University.— 
A number of crystals show at low temperatures the phe- 
nomenon of a transition from an oscillatory motion of their 
molecules to a rotational one. In many cases the lattice type 
is preserved during the transition, which is usually not 
sharp but covers a range of temperature of several degrees. 
In other cases, however, the transition is connected with 
a change in crystal structure which sets in sharply at a 
definite temperature. Transition energies have been de- 
termined experimentally for a number of cases by several 
authors. Here a calculation of these transition energies has 
been carried out for Nz, CO, HCl and HI by using London's 
simple theory of van der Waals forces. The first three 
substances show transitions with a change in crystal 
structure while HI represents an example of the other 
type. The calculated values come out larger than the ex- 
perimental ones, some by a factor 2, but no more can be 
expected from the approximative treatment. A more 
accurate calculation is rendered difficult because of lack 
of experimental data. 


13. Segregation of Polonium in Bismuth Crystals. 
ALFRED B. Focke, Brown University.—The study of the 
distribution of polonium as an impurity in bismuth crys- 
tals reported some time ago! is continued, using improved 
methods of high speed counting of a-particles. Measure- 
ments on over twenty crystals confirm the results of the 
earlier paper showing that the polonium is segregated into 
small regions separated by distances of (0.55+0.01) and 
(0.86+0.03)u in directions parallel to the [111] and [111] 
axes, respectively. It is also found that where twinning 
due to cold working occurs the spacing along the original 
[111] axis changes to that expected along the [111] axis, 
the distribution of impurity thus following the crystallo- 
graphic change. This must indicate either a large scale 
migration of the polonium at relatively low temperatures 
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or that the twinning process is not atomic in nature but 
that relatively large regions of the crystal change their 
positions as entities. 


1A. B. Focke, Phys. Rev. 46, 623 (1934). 


14. Radioactivity of Air, Water, Cave and Soil Gases. 
Oscar G. FRYER, Drury College. (Introduced by R. R. 
Ramsey.)—An electroscope is described which has new 
features particularly suited for field work. Tests were made 
on caves and springs in Ozark, Wichita, and Arbuckle 
Mountains of Arkansas and Oklahoma. Also a series of 
tests covering a period of 8 months was made on caves, 
springs, air, and soil gases in the limestone belt of Indiana. 
Rainfall affects the radon content in some springs more 
than in others. Radioactivity is not proportional to rain- 
fall, yet a continued dry period is marked by an appreci- 
able decrease in activity of most springs. There is no 
correlation between atmospheric pressure and radon con- 
tent of spring water in the vicinity of Indiana University. 
In the limestone belt it is thought that the source of 
activity is in the soil and not in the limestone below as no 
limestone caves there showed any activity while the soil 
above was very active. Radon content of soil gases in- 
creases with depth. Radioactivity of the soil decreases with 
continued rainfall but is not affected by barometric pres- 
sure. Radon content of soil gases here is much greater 
than in other countries, while the activity of the air is less. 


15. Photographic Measurements of the Brownian Mo- 
tion. CuAs. Hire, Murray State Teachers College. (Intro- 
duced by W. L. Severinghaus..—Gamboge particles of 
uniform size were suspended in water. Positions of the 
particles in a suitable sealed microscope slide were recorded 
instantaneously at intervals of 1/128 second by a photo- 
graphic method using an electric spark as the light source. 
Particle diameters were determined from the rate of 
settling by applying Stokes’ formula. In addition to the 
Brownian agitation, the photographs revealed field vibra- 
tions in which all particles moved in the same directions 
simultaneously. Simple corrections for the field vibrations 
gave the true Brownian Displacements. Calculations from 
the corrected data gave for Avogadro’s Constant a value 
of 7X10 molecules per mole, and calculations from the 
uncorrected data gave results comparable with those of 
Henri. The paper contains a brief discussion of corrections 
needed for the law of Stokes. Apparatus and data table 
are illustrated with lantern slides. 


16. The Variation of Contrast with Wave-Length in 
Photographic Materials. W. R. Kocu, Materiel Division, 
U. S. Army Air Corps, Wright Field—Contrast data ob- 
tained for different wave-lengths with various photographic 
materials were reported. Measurements extended through 
the visible and near ultraviolet regions and included the 
effect of varied development conditions. The relation of 
these results to the selection of suitable emulsions for 
photographic photometry was discussed. Applications of 
the data in the field of chemical analysis by spectrographic 
methods as well as in the field of color photography were 
noted. 


17. Anodic Properties of the Aluminum Cell. W. B. 
PIETENPOL AND T. Epwin Devaney, University of Colo- 
rado.—Further experiments substantiate the previously 
proposed theory that in the aluminum cell the active 
film is composed of colloidal aluminum hydroxide which 
partially traps anions but allows cations to pass. The 
generally accepted Gunther Schultze theory, which as- 
sumes that the high resistance is due to a thin gas film, 
predicts that the capacitance should decrease with drop in 
voltage and increase with drop in temperature. Experi- 
ments show that, in accord with the hydroxide layer 
theory, the capacitance remains nearly constant with drop 
in voltage and decreases slightly with drop in temperature. 
With ammonium hydroxide the electrolyte, aluminum 
hydroxide is formed and there is evidence that the high 
resistance is due to it. With oxalic acid, the electrolyte, the 
exposure of the anode to air for a time causes the current 
upon the anode’s return to the solution to remain for some 
time below its former value. For this and similar effects, no 
explanation can be given by the Gunther Schultze theory. 
However all results are in accord with the proposed slow 
hydrolysis of aluminum oxide to aluminum hydroxide. 


18. The Width of the Resonance Peaks in Disintegra- 
tion of Boron by Protons. James S. ALLEN, Rosert O. 
Haxsy, Joun H. WitiiaMs, University of Minnesota.— 
The width of the resonance peak occurring in the reaction 
BU+H'—~Be*+He't+Q has been measured for targets of 
various thicknesses. For a pure Boron target of thickness 
sufficient to slow 160 kv protons by about 500 volts, the 
full width at half-maximum was approximately 10 kv. 
The peak occurred at 159 kv. The transformer kenetron 
set, ion source, and accelerating tube described by Wil- 
liams, Wells, Tate and Hill! were used. A new voltmeter 
consisting of 250 10 meg. resistors was used for the voltage 
measurements. By tapping off a small fraction of the total 
voltage across the voltmeter, the amount of ripple in the 
voltage supply was measured with a cathode-ray oscillo- 
graph. At 170 kv the total ripple was 4500 volts, or 2.6 
percent. The resonance occurring in the reaction B“+H! 
—C"+y has been studied for thick Boron targets. Using 
a G.M. tube, the number of y-rays was determined as a 
function of the tube voltage. When differentiated the 
curve was similar to that for the above reaction and the 
peak occurred at approximately the same voltage. 


1 Williams, Wells, Tate, Hill, Phys. Rev. 51, 434 (1937). 


19. The Angular Distribution of Resonance Disintegra- 
tion Products. R. D. Myers, Purdue University.—An at- 
tempt is made to account by symmetry considerations for 
the anisotropy observed in the angular distribution of 
products of nuclear disintegrations. The Bethe-Placzek! 
method of averaging the cross section of a nuclear disinte- 
gration over the several spin orientations is adopted so as 
to be suitable for finding Ax, the average Lth coefficient 
of the expansion in spherical harmonics of the angular 
intensity. The dependence of Az on L is found to occur 
only through certain coefficients whose variation with L 
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ean be calculated. For resonance the formula simplifies 
and may even reduce to one term so that the variation 
with L is known and the slope of the curve for the angular 
distribution of the products is completely determined. 
The theory is applied to the disintegrations (1) D?+D? 
—H?+H! and (2) B'+H'~+Be®+He*. With certain 
assumptions as to the scheme by which the disintegration 
occurs the distributions of the protons and a@-particles are 
found to agree with those observed experimentally by 


Neuert.? 


1 Bethe and Placzek, Phys. Rev. 51, 450 (1937). 
1 Neuert, Physik. Zeits. 38, 122 (1937). 


20. Capture Cross Section for Thermal Neutrons. A. H. 
SpeEEs, W. F. Co_tsy aAnp S. Goupsmit, University of 
Michigan.—The density of thermal neutrons in a hydrog- 
enous substance is proportional to their rate of production 
and inversely proportional to their rate of absorption, 
provided the density varies linearly around the position 
of the measurements. The addition of a small amount of 
cadmium salt does not change the production but increases 
the absorption. This provides a simple method to determine 
the capture cross section of various solutions and mixtures 
in terms of that of cadmium. The neutron density was 
measured by the activity of silver foils put horizontally 
at the center of a cylindrical vessel of 26 cm diameter and 
the same height which was placed near the Michigan 
cyclotron. The effect of the silver foil (0.067 g/cm?) on the 
density was estimated by using a few thicknesses and 
extrapolating (about 7 percent) to zero thickness. It was 
verified that the reciprocal of the activity (corrected for 
nonthermal neutrons) is indeed a linear function of the 
cadmium concentration up to about 0.08 moles of Cd in 100 
moles of H,O when the cross section is increased by a factor 
five. For water the results gave o(H2O) =.000200e(Cd), 
for NaCl a preliminary measurement gives o(NaCl) 
=.0140(Cd). With o(Cd)=2600-10-** cm? this yields 
o(H) =.26+.02-10-** cm? (neglecting o(O)) and o(NaCl) 
=36+4-10-* cm’, 


21. Neutron Yields from Deuteron Reactions at High 
Energy. Luis W. ALVAREZ, University of California.—The 
relative neutron yields from 15 elements bombarded with 
7.6 Mev deuterons have been measured with ionization 
chambers, and in some cases checked with radioactive 
detectors. The thick target yield vs. Z curve is very nearly 
of the form Y=ke~2, and all 12 elements tried from Li 
to Sn gave points which lay very closely on a smooth 
curve. Background neutrons from the cyclotron prevented 
the curve from being carried to higher Z. Carbon has been 
most carefully investigated; excitation functions for the 
production of N™ and of neutrons have been compared, 
and the number of N"™ atoms at saturation has been 
compared with the number of neutrons per second from 
Carbon (determined by standardization with a Ra+Be 
source). The relative neutron yields for C and Ni have 
been compared with their relative radioactive yields. All 
three of these comparisons indicate that the number of 
neutrons from C is larger than can be accounted for by 
the reaction leading to N*. The most satisfactory explana- 
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tion at present is that the following reaction is responsible 
for the excess: C?+d—-C"+n+p. This represents a 
capture followed by two Bohr evaporations. 


22. Radioactivity Induced in the Rare Earth Elements by 
Fast Neutrons. M. L. Poo., Ohio State University.—With 
the exception of illinium, thulium and lutecium all the 
rare earth elements (fifteen in number) have been bom- 
barded with slow and fast neutrons. The fast neutrons 
were obtained by the lithium plus deuteron reaction, 
Deuterons of 6.3 Mev were produced by the cyclotron in 
Professor Cork’s laboratory at the University of Michigan. 
Most of the slow neutron periods have already been found 
by other observers. However, changes and additions have 
been necessary in some cases, probably because of the 
greater slow neutron equivalent of the cyclotron or the 
higher purity of the elements used. Several of the rare 
earths were spectroscopically pure. Since it is difficult to 
assign definitely to a nucleus a radioactive period based 
upon evidence from slow neutron activation alone, fast 
neutron activation is of great advantage. Deuteron 
activation was also used in a few cases. In all, twenty-six 
different radioactive periods have been observed. Of these, 
twenty have been placed with reasonable certainty. There 
are seven cases in which the radioactive body emits 
positrons. Evidence exists for three new stable rare earth 
nuclei on which radioactive nuclei terminate. 


23. Radioactivities Induced by High Energy Protons. 
L. A. DuBripnce, S. W. Barnes, E. O. Wu, J. H. Buck 
AND C. V. Strain, University of Rochester —Studies 
previously reported on proton induced radioactivities have 
been extended. It appears that for nearly all elements so 
far studied above O"*, which show induced radioactivity, 
the reactions must be of the p-» type. In the light elements 
this leads to a positron emitting isotope and the reactions 
have thresholds at 1.8 Mev plus the positron energy. For 
heavier elements electron emission is preferred and such 
isotopes can be formed at much lower energies (1.4 Mev). 
The following e+ emitting isotopes have been formed: 
O'% (2.1 m); F!8 (107 min.); Mn* (40 m); Cu® (3.2 hr.); 
Ga®® (68 m); Se7® (105 m); Ag! (25 min.); Sn" (14 m). 
The following e~ emitters have been found: Cu® (12 hr.); 
Ga? (18.2 m); Br®® (18 m, 4 hr.); Br® (36 hr.); Ma? (0.5 m, 
31 m); Ag? (2.4 min.). In most cases these periods check 
with previous observations. Yield curves for + and — 
emitting isotopes of the same element (Ga**: 7°) show 
pronounced differences, as do the curves for the two 
periods of Br**. The excitation function for the O'8 p-n 
reaction shows a peak at 3.6 Mev, the top of the potential 


barrier. 





24. The Radioactive Isotopes of Zinc. R. L. THORNTON, 
University of Michigan.—The radioactive isotopes of zinc 
have been investigated through the bombardment of Zn 
and the neighboring elements Cu and Ga with high energy 
deuterons and with slow and fast (Li+D) neutrons. 
Chemical separations of the bombarded element were 
made and the observed half-periods in Zn are shown in 
the following table. 
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Bombarded 
Element Projectile Periods Observed in Zn 
Zn D 60 min., 14 hr. (4 d., 30d.) 
Zn Slow neutrons 60 min., ~10 hr. (weak) 
Zn Fast neutrons 40 min., 14 hr. 
Cu D 65 min. 
Ga D 14hr. (in addition to 


other periods) 


These results. in combination with those of other workers, 
make possible a provisional assignment of the observed 
periods as follows: Zn® 35 min., Zn® 1 hr., Zn® 14 hr. 
This is on the reasonable assumption that the 40 min. 
period observed from fast neutron bombardment of Zn is 
really due to a combination of the known 35 min. period 
of Zn® with the 1 hr. period found from the other reactions. 
It would seem reasonable also to ascribe to Zn" a period 
either of 4 d. or 30 d. These activities however are not 
strong and must be investigated further. The observation 
that radioactivity is produced in Zn through deuteron 
bombardment of copper would suggest either a (D, y) 
reaction from Cu® or a (D, 2n) reaction from Cu®, since 
the observed intensity makes Zn contamination of the Cu 
unlikely. 


25. On the Thermoelastics and Structure of Rubber. 
F. E. DART AND EUGENE Gut, University of Notre Dame. 
(Introduced by George B. Collins.)—In an exactly analogous 
manner as for gases, one can formulate for rubber a state 
equation for unilateral deformations by studying its 
thermoelastic behavior. From such a state equation im- 
portant conclusions may be drawn toward a molecular 
theory of the rubber structure. Experimentally one can get 
information on the state equation of rubber (or any other 
material) by investigation of: (1) The stress-strain diagram 
at different temperatures; (2) The dependency of the stress 
on the temperature at constant length; (3) The dependency 
of the length on temperature at constant stress. (1) was 
handled by Ornstein and his co-workers, but only in the 
adiabatic case. (2) was handled by Meyer and E. Ferri. (3) 
was handled by M. L. Braun and also H. Bouasse. Meyer- 
Ferri and Braun investigated samples of almost the same 
composition and vulcanization but their results differ. 
Our general conclusion is, that there are samples of rubber 
for which a state equation of the van der Waals type holds. 
This is also in accordance with the new statistical theory of 
the elasticity of rubber.! Further experiments under well- 
defined conditions are still in progress at University of 
Notre Dame. 

1 E. Guth, “Statistical Theory of the Elasticity of Natural and Arti- 
ficial Rubber and Similar Long Chain Compounds," Paper presented 


at the International Conference on Rubber, Paris, June 1937; ‘‘Revue 
general du Caoutchouc,”’ in print. 


26. Air Driven Tubular Vacuum Type Centrifuge. J. W. 
BEAMS AND C. SKARSTROM, University of Virginia.—The 
method! of spinning long tubes and rods in a vacuum has 
been improved and extended. By reducing the free air 
space directly beneath the driving turbine, much heavier 
rotors may be supported upon the air cushion by simply 


increasing the pressure of the air. Rotors weighing 75 lbs. 
have been supported and spun with ease. Rods 25 inches 
long and 2 inches in diameter have been spun with great 
stability. The maximum rotational speed in all cases is set 
only by the strength of the rotor. A multi-stage vacuum 
type centrifuge for vapors consisting of 19 ‘‘theoretical”’ 
centrifuges connected in series and mounted in an alloy 
steel tube 14 inches long and 4 inches in diameter has been 
constructed. The application of the tubular centrifuge to 
the separation of isotopes is discussed. 


! Beams, Linke and Skarstrom, Science 86, 293 (1937). 


27. A Convenient Light Source for a Ten Inch Wilson 
Cloud Chamber. Witson M. Powe tL, Kenyon College.— 
The new Westinghouse coil-coil filament 60 watt clear 
lamp is arranged with the filament in a straight line. 
This type of filament will replace the usual type in all 
common bulbs in the future and can be purchased for 20 
cents. It is possible to choose bulbs such that when 
the back surface is silvered on the outside the image 
from the mirror falls directly above and in the plane 
of the filament itself. Two plano-convex lenses six inches in 
diameter and nine inches in focal length are placed before 
the bulb with their convex surfaces together. They are 
adjusted so that an image of the double filament exactly 
fills the edge of the cloud chamber. A mirror on the far 
side of the chamber reflects the light back through again. 
By using four bulbs with their corresponding condensers 
and operating them on 220 volts d.c., good photographs of 
cosmic-ray tracks were obtained on ‘“‘Super-X Panchro- 
matic” film at f: 3.5. The lights were turned on automati- 
cally by counter control for about 1/15th of a second. No 
shutter was used on the camera. The bulbs were still in good 
condition after 100 flashes. This work was done at the 
Bartol Research Laboratory. 


28. Effect of Valence Electrons on Intensities in Elec- 
tron Scattering from Zinc Oxide. Vivian A. JOHNSON AND 
Husert M. JAMes, Purdue University —A comparison of 
the intensities in electron and x-ray diffraction patterns 
from zinc oxide discloses systematic anomalies, if, as is 
usual, one employs formulas valid for a system of spheri- 
cally symmetric atoms.! The qualitative character of the 
discrepancies indicates a polarization of the atoms parallel 
to the line between each zinc atom and the nearest neigh- 
boring oxygen. It has been shown that the anomalies can- 
not be due to polarization of the inner shells of the atoms 
by intracrystalline fields.2? To determine whether they can 
be due to the asymmetrical distribution of the relatively 
few valence electrons, we have carried out computations 
with a simple model. Two of the valence electrons of each 
zinc-oxygen pair of nearest neighbors we have supposed 
to be in uniform distribution through the crystal, the 
other two in a uniform linear distribution between the 
neighboring nuclei. The form factor for this distribution 
was added to the Pauling-Sherman’ expression for the 
symmetrical distribution of the other electrons, and the 
total used in computing corrected structure factors for the 
crystal. Within the limits of experimental error these cor- 
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rected structure factors agree with those obtained from 
measured electron diffraction intensities. 

1H. J. Yearian and K. Lark-Horovitz, Phys. Rev. 42, 905 (1932). 
K. Lark-Horovitz, H. J. Yearian and J. D. Howe, Phys. Rev. 47, 331 
(1935). H. J. Yearian, Phys. Rev. 48, 631 (1935). 


2V. A. Johnson and L. W. Nordheim, Phys. Rev. 51, 1002 (1937). 
3L. Pauling and J. Sherman, Zeits. f. Krist. 81, 1 (1932). 


29. Secondary Emission of Electrons from Sodium 
Films on Tantalum.* Pau L. CopeLaAnp. The Research 
Foundation, Armour Institute of Technology.—Sodium 
films condensed on tantalum plates in vacuum lacked luster, 
and, although the photoelectric work function was very 
low, secondary emission (as in work by Bruining and Boer!) 
was very low. Mild heat treatment increased luster and the 
secondary emission rose to maxima of about five secondaries 
per primary. When logarithms of secondary to primary 
ratios are plotted against primary energies, slopes just 
beyond the maxima are characteristic of sodium. For higher 
primary energies slopes are characteristic of tantalum. 
The primary energy corresponding to the inflection in- 
creases with film thickness. Measurement of films was 
made by microtitration of the sodium with dilute hydro- 
chloric acid using phenolphthalein as indicator. Inflections 
at 2.5, 3.5, 3.8, 3.2 and 3.7 kilovolts correspond respec- 
tively to measurements of 2, 6, 7, 8, and 9 micrograms of 
sodium per square centimeter. Inconsistencies in this 
sequence indicate errors which may be as great as 25 per- 
cent. All the evidence, however, indicates that films of 
sodium 200 monatomic layers thick on tantalum yield 
secondary emission characteristic of the sodium up to 
primary energies of about 3 kilovolts; for higher energies 
the characteristics of the tantalum begin to influence the 
results. 

* Preliminary report of work supported in part by a grant-in-aid from 


the National Research Council. 
1 Physica 4, 473 (1937). 


30. Design and Construction of an Electron Velocity 
Analyzer for Ionization Probability Measurements. M. E. 
BELL, E. A. CooMEs, AND W. B. NotrincHam, Massachu- 
setts Institute of Technology.—A tube constructed by M. E. 
Bell used an indirectly heated ‘‘oxide’’ cathode electron 
source. The electrons were accelerated into a semi-circular 
“magnetic” analyzer with 0.4 mm entrance and exit slits. 
Electrons leaving the analyzer were accelerated into the ion 
chamber, also semi-circular, with slits defining a circle with 
3 cm radius. An electron collector at the exit slit converted 
the chamber into a second velocity ‘“‘spectrometer.” 
Results obtained were in general agreement with E. O. 
Lawrence! except for an apparent yield of ions at less 
than 10.4 ev. To distinguish between electrons leaving 
the ion collector and ions arriving two grids surrounding 
the collector are needed. E. A. Coomes rebuilt the original 
tube with this modification but was unsuccessful because 
the cathode heating current disturbed the magnetic field. 
A third tube built by W. B. Nottingham used a thoriated 
filament heated by 300 cycle pulsating current as the elec- 
tron source and such carefully constructed parts that the 
tube serves as a means of determining e/m for the electron. 
(1.760+.003 X10’ abs. e.m.u.) Since this is possible, an 
absolute scale of electron energies is thus available and the 
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ionization probability curve may be accurately placed 
on the energy spectrum without making any assumptions 
as to contact difference in potential. 


1E. O. Lawrence, Phys. Rev. 28, 947 (1926). 


31. Ionization of Mercury Atoms as a Function of the 
Bombarding Electron Energy. W. B. NoTTINGHAM, Massa- 
chusetts Institute of Technology—The experimental tube 
described in the above abstract has been used to determine 
the ionization produced in mercury vapor as a function 
of the electron energy. The salient results obtained are the 
following: (1) Ionization commences at 10.38 volts with a 
sharply rising probability curve of small magnitude com- 
pared with that of the second mode of ionization. (2) 
Electrons with an energy of 10.9 electron-volts have about 
sixteen times higher probability of ionization than those 
with 10.4 electron-volts. (3) The probability curve has a 
maximum at this energy as was shown by the experiments 
of E. O. Lawrence, although he computed its value as 11.29 
volts on the assumption that no contact difference in 
potential existed between the inside and the outside of the 
ion chamber. (4) The photoelectric emission produced by 
the radiation from the excited atoms is remarkably strong 
and shows many sharp maxima and minima which would, 
of necessity, be confused with “ultra-ionization”’ potentials 
unless special provision were made to eliminate this effect. 
This may very well account for the many critical potentials 
observed by P. T. Smith.! 


1P, T. Smith, Phys. Rev. 37, 808 (1931). 


32. The Distribution of Energies Among the Incoming 
Cosmic-Ray Electrons. I. S. BowEN, R. A. MILLIKAN AND 
H. V. Neuer, California Institute of Technology.—The 
distribution of energies has been studied by taking cosmic- 
ray ionization curves practically up to the top of the 
atmosphere at four different latitudes between 0° and 60° N 
magnetic. The maximum number of incoming electrons 
is found at about 5 billion e-volts. The numbers fall off 
to very small values above 30 billion e-volts and also below 
3 billion e-volts. In other words, the incoming particle 
rays are largely limited to a definite band of energies either 
because of the mode of origin of the rays or because of this, 
plus possible. blocking effects of celestial magnetic or 
electric fields. 


33. The East-West Effect in Southern India. H. V. 
NEHER, California Institute of Technology.—In the month 
of November 1936 two sets of three large (37 cm X7 cm) 
Geiger-Miiller counters were used to measure the East- 
West effect at Kodaikanal (geomagnetic latitude 0°, ele- 
vation 7800 ft.) in southern India. One set was used to 
measure the azimuthal effect while the other recorded the 
zenith angle effect. Comparison of one set of readings 
with the other shows that the data are self consistent. 
Somewhat larger relative values of the West excess are 
found than those reported by Johnson! in Peru. By using 
the data of Bowen, Millikan and Neher? and of Johnson! 
on the apparent absorption coefficient of the radiation due 
to charged particles, an empirical relationship is found 
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connecting uw and E£. Further, an empirical formula is found 
from the balloon data of Bowen, Millikan and Neher? for 
the energy distribution of the particles incident on the top 
of the atmosphere. An application of these two relationships 
to the East-West effect explains satisfactorily the West 
excess at the equator. This indicates that the charged 
particles responsible for the West excess are of the same 
nature as those which give the latitude effect—namely, 
electrons. The analysis further indicates that of the total 
radiation at 7800 ft. elevation in southern India at least 
one-fourth is due to positrons. 
1T. H. Johnson, Phys. Rev. 48, 287 (1935). 


2 Phys. Rev. 52, 80 (1937). 
3 Some data are used which will be published in the near future. 


34. The Latitude Effect for Cosmic-Ray Showers. W. H. 
PICKERING AND H. V. NEHER, California Institute of 
Technology—Two Geiger counter sets have been taken 
from San Francisco to India via Japan and return via 
Australia. Both the vertical intensity and the shower in- 
tensity were measured as a function of latitude. By using 
large counters in the Neher-Harper circuit,' quite reliable 
results were obtained. The latitude effect for the vertical 
rays was found to be 14.5 percent in the region of the East 
Indies and 10 percent in the Pacific Ocean. Both these 
results are in good agreement with those found with elec- 
troscopes in the same regions.? The showers show a much 
smaller latitude effect amounting to about 6 percent in the 
East Indies. There is also some evidence that the “plateau” 
of the curve giving the variation of the showers with 
latitude extends to lower latitudes than the corresponding 
“plateau” of the curve for the vertical rays. These results 
show that the latitude sensitive part of the radiation is 
relatively not as efficient at producing showers as the 
nonlatitude sensitive component. 


1 Neher and Harper, Phys. Rev. 49, 940 (1936). 
2 Millikan and Neher, Phys. Rev. 47, 205 (1935). 


35. The Energy Flux of the Corpuscular Cosmic Radia- 
tion. C. G. MONTGOMERY AND D. D. Montcomery, Bartol 
Research Foundation of the Franklin Institute-——Recent 
improvements in the measurement of very high energies 
in cloud expansion chambers make it possible to estimate 
what fraction of the total cosmic ray energy crossing a 
horizontal surface occurs in the form of kinetic energy of 
charged corpuscular rays. The total amount of the energy 
flux may be obtained by integrating the cosmic-ray ioniza- 
tion from the point considered to infinity, since all of the 
cosmic-ray energy is eventually dissipated in the ionization 
and excitation of atoms. The energy flux is conveniently 
expressed by the mean energy per corpuscular ray recorded 
in a counter telescope. This mean energy is computed for 
vertical rays from the data of various observers, and is 
found to increase continuously from a minimum value near 
the top of the atmosphere as the atmospheric depth in- 
creases. The value at sea level is 3.04 10° volts. The mean 
energy measured by P. M. S. Blackett in his expansion 
chamber is 3.11 10° volts. We therefore conclude that, at 
sea level, practically all of the cosmic-ray energy is carried 
by charged particles. This is not in accord with the theo- 
retical behavior of a beam of electrons and their secondaries, 





since in that case half of the energy would be in the form 
of photons. 


36. Cosmic Radiation and the Earth’s Magnetism. 
Tuomas H. Jounson, The Bartol Research Foundation of 
the Franklin Institute-——Records during the April 1937 
magnetic storm, reported by Forbush! and Hess and Dem- 
melmair®? have shown that a world wide decrease of cosmic 
ray intensity, j, occurred during the period of weakened 
horizontal field strength, 17. The effect for three widely 
separated stations can be expressed by (1) Hdj/jdiH=10. 
On the assumption that the effect was due to a change in 
the earth’s magnetic moment, M, consistency with the 
latitude and asymmetry effects requires that (2) Mdj/jdM 
= —0.2. Combining (1) and (2), dM/dIT=50a* which is 
fifty times the value of this coefficient if the effect were 
due to internal disturbances. If the disturbance were 
caused by a system of external circular currents dis- 
tributed as cos A over the surface of a sphere of radius a’ 
then? dM/dH = —(2a"*—a*)/3 which reduces to —a*/3 if 
the currents are in the outer atmosphere. It would be 
necessary to have a’=4a if numerical agreement is to be 
realized, but this result is trivial since a system of currents 
at such a distance would weaken rather than strengthen 
the field in the space where the cosmic rays suffer most of 
their deflection. It is concluded that the storm effect is at 
least 150 times greater than can be accounted for by 
increased bending of the orbits in any field reconcilable 
with the magnetic variations. 

1S. E. Forbush, Phys. Rev. 51, 1108 (1937). 

2V. F. Hess and A. Demmelmair, Nature 140, 316 (1937). 

3S. Chapman, Nature 140, 423 (1937). 

37. A New Analysis of Cosmic Radiation Including the 
Hard Component. L. W. Norpueim, Duke University.— 
A careful comparison of the high altitude cosmic-ray data 
at different latitudes' gives very strong support to the 
assumption of practically quantitative validity of the 
radiation theory up to energies of some 10'° ev. The analy- 
sis shows further the necessity of a separate “hard com- 
ponent” and allows an estimate of its intensity at high 
altitudes. These data together with the geomagnetic effect 
at sea level, the energy distribution near sea level? and the 
absorption curve at great depths below sea level* (all 
pertaining to the hard component) can be explained 
simultaneously by assuming that, in addition to normal 
ionization, the hard rays are absorbed by a discontinuous 
process (probably connected with shower production) 
the cross section of which decreases for increasing energy. 
A reasonably good quantitative representation of all the 
data mentioned is given by a primary distribution’ pro- 
portional to E~" (E=energy; »~3) for both electronic and 
hard rays with electrons being the more numerous and 
behaving according to theory, and the absorption coeffi- 
cient for the hard rays being proportional to E~ for 
E>8&xX10° ev. A large number of other facts (especially 
about showers) gives a qualitative confirmation of this 
picture. 


1 Pfotzer, Zeits. f. Physik 102, 41 (1936) (geomagnetic latitude 50°); 
Bowen, Millikan, Korff and Neher, Phys. Rev. 50, 579 (1936) (385% 
Bowen, Millikan and Neher, Phys. Rev. 52, 80 (1937) (3°). 

2 Blackett, Proc. Roy. Soc. A159, 1 (1937). 

3 As already suggested by Heitler, Proc. Roy. Soc. A161, 1 (1937), and 
Nordheim, Phys. Rev. 51, 1110 (1937). 
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38. Energy Losses of Pauli-Weisskopf Particles. J. F. 
CarLson, Purdue University —The work of Anderson and 
Neddermeyer! and of Street and Stevenson? lends plausi- 
bility to the idea of the existence of a corpuscular com- 
ponent in the cosmic rays that can be identified neither 
with particles of electronic nor of protonic mass. Street 
and Stevenson® offer evidence that this mass is in the 
neighborhood of 100 times the electronic mass. Since the 
information about these particles is as yet incomplete, it 
will be of some interest to compare the behavior to be ex- 
pected if these particles possess a spin of } unit, i.e., satisfy 
a Dirac wave equation, or if they should have zero spin and 
be described by a scalar wave function proposed by Pauli 
and Weisskopf.‘ The various methods of energy loss for 
particles satisfying the Pauli-Weisskopf scalar equation 
have been investigated and a comparison of these results 
with the results obtained for a particle possessing spin will 
be given. 


1 Neddermeyer and Anderson, Phys. Rev. 51, 884 (1937). 
2? Street and Stevenson, Phys. Rev. 51, 1005 (1937). 

3 Street and Stevenson, Phys. Rev. 52, 1003 (1937). 

‘ Pauli and Weisskopf, Helv. Phys. Acta 27, 709 (1934). 


39. Cosmic-Ray Observations in the Stratosphere. L. F. 
Curtiss, A. V. Astin, S, A. Korrr, L. L. StOCKMANN AND 
B. W. Brown, National Bureau of Standards and Depart- 
ment of Terrestrial Magnetism, Carnegie Institution.—Using 
radio methods it has been found possible to record the 
response of a Geiger-Miiller tube counter to cosmic rays 
at altitudes up to 116,000 feet. Records were made auto- 
matically by means of a recording receiver at a ground 
station. The averaged results from the 12 highest flights 
show a gradual rise in cosmic-ray intensity which is 
clearly evident at a pressure of about 500 millibars and 
then decreases slightly at a pressure of about 300 millibars 
after which the rise to maximum intensity at a pressure 
of about 100 millibars is very rapid. This maximum is 
about 150 times the count recorded near the ground level 
and is followed by a rapid decrease in counting rate at 
pressures below 100 millibars. At the highest altitude 
reached, approximately 116,000 feet, where the pressure 
is only 5 millibars, the counting rate falls to a value which 
is about the same as that observed at a pressure of 500 
millibars. The general trend of these observations indi- 
cates that as the limit of the atmosphere is approached the 
counts continue to decrease, confirming the view which has 
been put forward by other observers that the greater part 
of cosmic-ray phenomena are due to secondary effects 
generated within our atmosphere. 


40. The Infrared Absorption by the Selenium Hydrides. 
WILLIAM C, SEARS, DoNALD M. CAMERON AND HARALD H. 
NIELSEN, Ohio State University—The fundamental bands 
in the infrared absorption spectra of the molecules H,Se, 
HDSe and D,Se have been located and preliminary meas- 
urements on their rotational structures carried out. H2Se: 
The centers of the fundamental bands for H2Se, adopting 
Dennison’s notation, are as follows: »,=2300 cm”, 
ve=1110 cm™ and »;=2380 cm™. Their identification rests 
on the fact that the bands at 2300 cm™ and 1110 cm™ 
appear to have similar structures while that at 2380 cm™ 
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is different, showing a gathered Q branch at the center. 
The rotational spacings in all three bands, which are quite 
regular except at the center, appear to be the same and 
equal to about 7.8 cm. //DSe: For this molecule the fre- 
quencies are: v;=1610 cm™, v2=910 cm™, and »3;=2385 
cm~'. Here the rotational spacings are known only for », 
and »; and these are equal to about 5.5 cm~!. The frequency 
v, shows a gathered Q branch while v2 and v3; do not. D.Se: 
For this molecule only vz and v; have been identified. v2 oc- 
curs near 760 cm while v3 is found to be at 1700 cm™, 
The spacings are known definitely only for vz and are equal 
to about 4.0 cm™ or approximately one-half of the spacings 
for the lines in the H2Se bands. 


41. The Zeeman Effect of Gold. H. N. MAxwe tt, 
Hood College, AND J. B. GREEN, Ohio State University,— 
Several of the classifications of Au I by Symons and Daley! 
in the region of AA5000—6000A have been verified by Zee- 
man effect measurements, and the g values determined. 
For the 5d'6s, 5d'6p, 5d'°7s, 5d'!°6d, and 5d%6s* the g 
values are unperturbed; but those for the 5d°6s6p and 
5d@°6s6d are perturbed from the ZS-coupling values. The 
spectrum of Au II has been investigated by McLennan and 
McLay,? by Rao* and by Mack and Fromer.‘ No classifica- 
tions of Au II lines in the region \\4760-5726 have been 
made. This region seems to be rich in lines, but the wave- 
lengths found in the tables are in disagreement (sometimes 
as much as 1.5A) with our measurements. Several well- 
defined multiplets appear, which, if the above classifications 
are correct, indicate transitions between a previously un- 
identified configuration, 5d°6s6p, and 5d*6s7s or 5d°6d. 

1 Proc. Phys. Soc. London 41, 431 (1928). 

2 Proc. Roy. Soc. Canada 22, 103 (1928). 


3 Proc. Roy. Soc. Al and 2, 118 (1933). 
4 Phys. Rev. 48, 357 (1935). 


42. The Zeeman Effect of Selenium II. J. B. Green, 
Ohio State University, AND R. A. LoRING, University of 
Louisville—The Zeeman effect of selenium II has been 
studied in fields of about 37,500 gauss. The selenium was 
introduced in powdered form into a brass rod which served 
as an electromagnetic interrupter and the metal vaporized 
readily. To date, several of the strongest lines have been 
measured, principally those involved in transitions between 
4s4p' and 45°4p’5s with 4s°4p°5p. The g values are all per- 
turbed from LS-coupling values, but the assignments of 
J values by. Martin! are generally in agreement with the 
observed patterns; with the exception (so far) of 21° which 
has a J value of } instead of 5/2 as assigned by Martin. 


1 Phys. Rev. 48, 938 (1935). 


43. Raman Spectra of Disubstituted Acetylenes. For- 
REST F, CLEVELAND AND M. J. Murray, Lynchburg Col- 
lege, Lynchburg, Virginia.—The Raman spectra of (a) 
CsH;-C=C-CH:-Cl, (b) CesHs-C=C-CH2-CH:-Cl, (c) 
CsH;-C=C-CH2-CH2-CH2-Cl, (d) CsHs-C=C-CH2-OH, 
(e) CeHs-C =C-CH2-CH,-OH, (f) CeH;-C=C-CH2-Br 
have been measured by means of apparatus previously de- 
scribed.! Compounds 6 and e have also been measured by 
Faucounau? and compound d by Gredy.* No measurements 
on a, c, and f seem to have been reported. The characteristic 
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acetylenic frequency at 2200-2300 cm is double in many 
disubstituted acetylenes.* Gredy has found that if one of the 
substituents is a phenyl group, the line of lesser intensity is 
of lower frequency. The present results verify this conclu- 
sion for compound d, but for compounds a and f, prepared 
from d, the weaker line has a higher frequency. The acetyl- 
enic frequency is double in a, d, and f, but is broad, intense, 
and apparently single in the remainder of the compounds. 
The sum of the widths (in hundredths of a mm) of the two 
lines in a is 32, the width of the single line in } is 27, and inc 
the width is 22. Since the line of comparable intensity at 
1600 cm has a width of only 16 and since the above 
widths decrease as additional CH» groups are inserted, it 
seems probable that the single broad line in 6, and perhaps 
also in c, may be an unresolved doublet. Preliminary at- 
tempts to resolve it by use of a grating have proved un- 
successful. Experiments designed to determine qualitatively 
the depolarization factors of the acetylenic frequencies are 
now in progress. 


1 Cleveland and Murray, Am. Phys. Teacher 5, 270 (1937). 
2 Louis Faucounau, Comptes rendus 199, 605 (1934). 

3 Blanche Gredy, Theses (Paris, 1935). 

‘J. H. Hibben, Chem. Rev. 18, 50-51 (1936). 


44. Raman Spectra of Some Inorganic Compounds. J. 
Rup NieEvsen, N. E. WArD AND H. Dopson, University of 
Oklahoma.—The Raman spectra of aqueous solutions of 
sodium metaborate, borax and sodium aluminate and of 
crystalline sodium metaborate, borax, boric acid, halides of 
cadmium, zinc and mercury, and potassium cyanate have 
been investigated. With sodium metaborate solutions pro- 
longed exposures yielded two faint and diffuse frequencies in 
addition to that already reported.' The latter frequency was 
found, practically unchanged, in crystalline metaborate. 
These facts show that the metaborate ion cannot be tri- 
atomic and linear, as previously assumed.! The crystal 
powders were observed with the technique developed by 
Ananthakrishnan.? New frequencies were found with most 
of the crystals already studied. Thus, with mercuric 
chloride two new low frequencies were observed, while with 
boric acid twice as many frequencies were found as ob- 
served by Ananthakrishnan.’ Attempts are being made to 
correlate the Raman spectra with the crystal structures. 


1J. Rud Nielsen and N. E. Ward, J. Chem. Phys. 5, 201 (1937). 
?R. Ananthakrishnan, Proc. Ind. Acad. Sci. 5, 76 (1937). 
?R. Ananthakrishnan, Proc. Ind. Acad. Sci. 5, 200 (1937). 


45. The Signs of the Nuclear Magnetic Moments of Li’ and 
K“, Joun E. Goruam, Columbia University —Nonadiabatic 
transitions between magnetic quantum states of atoms in 
an atomic beam were used to show that the signs of the 
nuclear magnetic moments of Li® and K" are positive.’ A 
beam of atoms 230 cm in length was passed through a 
weak nonhomogeneous field 153 cm long, a selecting slit, a 
weak transition field whose direction changed rapidly with 
respect to the atoms, a strong field, and was detected on a 
hot tungsten wire. 

11. I. Rabi, Phys. Rev. 49, 324 (1936). 


46. Absolute Nuclear Moment of Indium 115. S. MiLL- 
MAN, I. I. RAB, Columbia University, AND J. R. ZACHARIAS, 
Hunter College-—The atomic beam method of zero mo- 
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ments has been applied to indium to measure the nuclear 
spin and the hfs Av of the normal *P\/2 state. The spin was 
found to be 9/2 and the Avy =0.381 cm™ in agreement with 
spectroscopic results. The resolving power attained was 
sufficiently high to allow a measurement of the fine struc- 
ture of the zero moment peaks. From the separation of the 
two m=-—3 peaks of AlI/JZT=0.0193 we calculate the 
moment of indium to be 6.40+0.20 percent nuclear mag- 
netons. This value does not depend on any assumptions 
with regard to the nature of the interaction between the 
nuclear spin and the electron configuration. Zero moment 
peaks arising from the metastable *P3/2 state, lying 2212.6 
wave numbers above the *P,/2, were found. The intensity 
of these peaks is in good agreement with what is expected 
from quantum statistics. Their exact location will permit 
an evaluation of the nuclear quadrupole moment. 


47. On the Magnetic Moments of Neon and Argon. 
J. M. B. KELLoGG AND NorMAN F. Ramsey, Columbia Uni- 
versity.—It is generally assumed that the nuclear spins of 
the isotopes having even atomic weights and even atomic 
numbers are zero. For elements of this type where the spin 
is not known from band spectra, the possibility remains that 
the spin is not zero but that the magnetic moment is very 
small. With an atomic beam apparatus capable of detecting 
a magnetic moment of the order of 0.05 nuclear magnetons 
which is half as large as the smallest nonzero nuclear mo- 
ment hitherto reported, the elements neon and argon have 
been investigated for the presence of a magnetic moment. 
Deflection of the atoms was produced in an inhomogeneous 
magnetic field of length 48 cm and maximum gradient 
110,000 gauss/cm. The diminution in intensity at the center 
of the undeflected beam was determined quantitatively 
with a Stern-Pirani detector. Helium, spin zero, showed no 
change in intensity. The weakening of the beam in the 
cases of neon and argon could be accounted for by the 
diamagnetic moments of these elements. Thus, if neon and 
argon have a magnetic moment, it is less than 0.05 nuclear 
magnetons, 


48. *Tabulation and Study of the Energy Levels of the 
Asymmetrical Rotator.! ENos E. Witmer, University of 
Pennsylvania.—In a previous abstract? the author stated 
that there is a very close correspondence between the 
doublet energy levels of the asymmetrical rotator according 
to quantum mechanics and the energy levels according to 
the old quantum theory and gave the formulas which 
link the two theories. Therefore a usable formula for 
Te(S; N2/J) is of value to the spectroscopists. The following 
formula for the epicycloidal motions, which is derived 
rigorously, is rapidly convergent over a very large part of 
the domain of r,.. Let y=(1—s)*(1—2/J). Then 


Ne 1/2-s 
Tel S; —) =2y— —— by 
J 2\l—s 
1 s 2 ¥ 
- . . (4—3y) 
25\l—s/ (1—y)? 


1 s \%_ yt 
= ( ~) 7 —(§—3y) 
2°\1—s (1—y)? = 

















AMERICAN 





[528—1264y 


=(~) ¢ 
213 (1—y)é 


* To be read by title. 
1 With the support of a grant from the Penrose Fund of the American 
Philosophic al Society 
?E. E. Witmer, Phys. Rev. 51, 1001 (1937). 
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49. The Experimental Verification of the Quantum 
Mechanical Dispersion Theory by Reflections and Diffuse 
Scattering of X-Rays from Zinc. W. A. BRUCE AND G. E. 
M. JAuncey, Washington University, St. Louis, Mo.— 
Experimental values of Af are obtained by correcting AF 
for thermal vibrations, since 


Af =(Fye.n— Frer.sve@ Xe, K=(sin ¢/2)/d 
M(K, ¥) =(a cos? y+) sin? y) K? 


and is determined from diffuse scattering experiments. 
Fy.o.1 is taken from Miller,! while Fj21.54 is taken from 
Wollan and Harvey,? and Brindley.’ The reflection experi- 
ments and the diffuse scattering experiments were all done 
at approximately the same temperature. The values of a 
and b as obtained from our diffuse experiments‘ are 2.27 
and 0.64A?. An average of Af obtained by using Miller and 
Brindley’s F values and values of a and b} determined by 
diffuse scattering gives Af,y,.=2.35. Hénl,® in a quantum- 
mechanical treatment of the dispersion theory, gives a 
value of Af (for \=.71A and \=1.54A) of 2.36. M may 
be obtained by other means. Afs obtained with these 
other Ms are also averaged and compared. 


where 


1R,. D. Miller, Phys. Rev. 51, 959 (1937). 

2 E. O. Wollan, G. G. Harvey, Phys. a. 51, 1054 (1937). 
3G. +f ge Phil. Mag. ~ 790 (1936). 

4G. . Jauncey and W. A, Bruce, Phys. Rev. 51, 1067 (1937), 
SH. Hoa, Zeits. f. Physik ag i (1933). 


50. Position of the Center of the Compton Modified 
Band. G. E. M. JauNcEy, Washington University, St. Louis, 
Missouri.—Several experimenters! have found the center 
of the Compton modified band to be shifted slightly from 
its position as given by Compton’s simple theory. Jauncey’s 
theory? of the profile of the modified band is based on the 
assumption that the scattered photons which give rise to 
the band may be treated as having bounced off free elec- 
trons having the same distribution of speeds as the actual 
electrons in the scattering substance. Later, Jauncey® 
showed that to a first approximation, if the component 
velocity distribution function of the atomic electrons is 
f(u), the profile of the Compton band is given by f(Ax), 
where A=c/sin }¢, x=(Ac—X’)/Ac, and XN’ and dg are 
respectively the wave-lengths of the actually scattered 
and the “Compton” scattered x-rays. To a higher degree 
of approximation it is now shown that the profile is given 
by (1—2bx)-f(Ax(1+x)), where b=(1+cosec? }¢)/2. 
This profile is not symmetrical about x =0 even though f(x) 
is symmetrical about «=0. A Maxwell distribution with a 
most probable speed of 25 volts gives a shift of 0.23 X.U. 
for Mo Ka rays at ¢= 180°, 

1 Ross and Kirkpatrick, Phys. Rev. 46, 668 (1934). Kirkpatrick, 
Ross and Ritland, Phys. Rev. 50, 928 (1936). DuMond and Kirkpatrick, 
Phys. Rev. 52, 419 (1937). 

2 Jauncey, Phil. Mag. 49, 427 (1925); Phys. Rev. 25, 314 and 723 


(1925). 
3 Jauncey, Phys. Rev. 46, 668 (1934). 
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51. A Theory of the X-Ray Absorption Edges and Their 
Fine Structure in Ionic Compounds. Ro_F LANDsuorr, 
University of Minnesota.—It is assumed that the act of 
absorption lifts the electron into the unoccupied outer 
shell of a nearby cation, to the nearest for the edge and 
to those farther away for the short wave satellites. The 
older theory pictured the electron as jumping into one of 
the traveling states. Its main disadvantage is, that the 
removal of an electron from the emitting ion gives rise to 
an electric field in the neighborhood of this ion, and 
therefore to a polarization energy which should be con- 
sidered in the energy balance, but which spoils the good 
numerical agreement. The present theory restores this 
agreement. The occurrence of discrete localized levels 
below the continuum of traveling states has already been 
stated by Slater! and v. Hippel* in the theory of the ultra- 
violet absorption of ionic crystals. From the experiments 
of Brewington* this seems to be even more distinct in the 
case of the x-ray absorption with a more pronounced line 
structure near the edge. 

1 Slater and Shockley, Phys. Rev. 50, 705 (1936). 


?v. Hippel, Zeits. f. Physik 101, 680 (1936). 
3 Brewington, Phys. Rev. 46, 861 (1934). 


52. The Use of Intensifying Screens in X-Ray Diffrac- 
tion Work. CARL GAMERTSFELDER AND NEWELL S. GING- 
RICH, University of Missouri—The photographic method 
of investigating x-ray diffraction by liquids has given 
reliable relative intensity measurements, but it has the 
disadvantage that long exposure times are required. A 
Fluorazure intensifying screen has been used in an attempt 
to decrease this exposure time, and an investigation is 
being made to determine the reliability of intensity 
measurements using a film in conjunction with an intensi- 
fying screen. Diffraction patterns of liquid potassium with 
Mo Ke radiation have been obtained with and without an 
intensifying screen and microphotometer curves have been 
obtained from them. The relation between blackening and 
intensity for the film alone does not hold when an intensi- 
fying screen is used. In order to obtain the relation between 
x-ray intensity and blackening of the film, the Mo Ka and 
Cu Ka lines, reflected from a calcite crystal, have been 
recorded on films with and without intensifying screens, 
and through various filters of known materials and thick- 
nesses. These experiments show that the intensifying 
factor, using Cu Ka, varies from about 1.2 at a film black- 
ening of 0.12 to about 2 at 0.46, and the intensifying factor 
using Mo Ka varies from about 5 at a film blackening of 
0.14 to about 12 at 0.52. There is no indication of an 
increase in line width with the screen, and there has been 
no difficulty with afterglow. 


53. The Determination of the Characteristic Tempera- 
ture of MgO from X-Ray Measurements. H. S. RIBNER 
AND E, O. WoLLAN, Washington University—The char- 
acteristic temperature © of a simple crystal can be de- 
termined from measurements of the ratio of the intensities 
of a regularly reflected x-ray line at two different tempera- 
tures, at various values of sin @/A. We have made such 
measurements for MgO at room temperature and at the 
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temperature of liquid air by a photographic method and 
have analyzed the results by a procedure which does not 
require a knowledge of the absolute ratio of the intensities 
at the two temperatures. The value of © which we obtain 
in this way is equal to 721°+21°K. This corresponds to a 
root mean square amplitude of thermal vibration of the 
atoms of 0.069A at room temperature. The characteristic 
temperature has also been obtained by comparing the 
experimental scattering factor for MgO at room tempera- 
ture with the theoretical scattering factor for the atom at 
rest and the result is found to show satisfactory agreement 
with the above mentioned value. A value for © can also 
be calculated from specific heat data, and the relation 
between the value so obtained and that obtained by x-ray 
measurements will be discussed. 


54. The Effect of Lattice Enlargement upon Our Ideas 
of Order versus Disorder in Crystals, Including Mix- 
Crystals. F. C. BLAKE, Ohio State University.—In 1918 
Professor Max von Laue, in discussing mix-crystals, stated 
the two alternative views of such crystals for certain 
ternary compounds: (a) random distribution of two of the 
three atoms involved; (b) a great enlargement of the unit 
cell with an ordered arrangement of the two atoms that 
normally would substitute for each other in (a). No one 
seems adequately to have studied the possibilities of view 
(b), since, in general, “‘superlattice” lines tend to appear 
due to the difference in scattering power of the two 
substitutional atoms for first and higher order reflections. 
By enlarging the lattice to a definite but finite size it is 
possible to determine an ‘‘ordered” arrangement that is 
the exact equivalent of the random distribution (a). 
Details of this arrangement for one type of cubic crystals 
will be given. This means, of course, that all superlattice 
lines are absent. 


55. Electric Impedance of Single Arbacia Eggs. KEN- 
NETH S. COLE AND Howarp J. Curtis, College of Physi- 
cians and Surgeons, Columbia University.—The end of a 
two or three mm thin-walled glass tube is heated until it 
closes down to a capillary about 50u in diameter and 200u 
long. The capillary end of the tube is partially immersed in 
sea water, and when an egg, 75u in diameter, is dropped in 
the upper open end, it settles to the top of the capillary. 
The water level in the tube is then raised until the egg is 
pushed into the middle of the capillary. Measurements are 
made between electrodes placed in the tube and in the 
outside solution. The low frequency resistance of a 48u tube 
rose from 24,000 ohms when filled with sea water to 840,000 
ohms with an unfertilized egg in place. This increase might 
be due to a membrane resistance of 13 ohms cm? but this 
value is no more than a lower limit since a layer of sea 
water 0.24 thick between the egg and the glass would 
produce the same result. Assuming the membrane to be 
nonconducting, the observed low frequency capacities and 
the higher frequency data give average membrane capaci- 
ties of 0.8uf/cm? for the unfertilized, and 2.8uf/cm? for the 
fertilized eggs. These results are in agreement with those 
obtained from suspensions, and the technique may be used 
for several problems which are not otherwise possible. 
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56. A Three-Component Accelerometer. J. E. SurRADER, 
Drexel Institute of Technology.—A type of accelerometer 
has been devised which measures the three components of 
acceleration simultaneously and records them on the same 
photographic film. The distinctive features of this acceler- 
ometer are: (1) The method of securing great sensitivity 
by large magnification of the motions of the pendulums. 
(2) The employment of special damping devices by means 
of which the pendulums become practically dead beat. (3) 
The disposition of the pendulums and the optical system 
whereby the records of all three components are recorded 
on the same photographic films. Proper damping which is a 
very important feature of an accelerometer is secured by 
the use of hollow discs or diaphragms by means of which 
energy of vibration is dissipated by forcing air into and out 
of the hollow chamber through a small opening. It is found 
that optimum damping is secured by a certain size opening 
which is determined by trial. By the use of air as a damping 
fluid the instrument can be operated in any position and 
damping does not vary markedly with temperature. 


57. A Mechanical Harmonic Synthesizer-Analyzer. S. 
Leroy Brown, University of Texas.—A machine is de- 
scribed which has thirty harmonic elements (fifteen sine 
components and fifteen cosine components) that operate 
simultaneously. The driving mechanism is a train of twenty 
intermeshing spur gears that are high grade but selected 
from commercial stock. These gears drive fifteen shafts with 
rotational ratios ranging from one to fifteen. A Scotch cross 
head is operated from each end of each shaft with the pin 
of each cross head set in quadrature with the pin of the 
cross head at the other end of the respective shaft. The 
sum of the thirty sinusoidal movements is communicated to 
a tracer point (pencil) by means of pulleys and a continuous 
fusee chronometer chain, and the curve is traced on a draw- 
ing board that is driven uniformly past the pencil point. 
Analysis is accomplished by setting the amplitudes of the 
thirty elements to correspond to the values of thirty of 
thirty-two equispaced ordinates from a wave-length of the 
curve to be analyzed. Thirty components (fifteen sine and 
fifteen cosine components) of the curve being analyzed are 
then determined from the values of thirty of thirty-two 
equispaced ordinates of a wave-length from a single trace 
produced by the machine. 


58. *Photoelectric Geiger-Miiller Counters with Caesium 
Cathodes. Gorpon L. Locuer, Bartol Research Foundation 
of the Franklin Institute —Several photoelectric counters 
with cathodes of thin caesium hydride on silver and on 
hydrogen-soaked platinum have been made. The caesium 
surface is prepared by bombardment of caesium azide with 
H* ions or with electrons; the metal thus liberated is dis- 
tilled on to the cathode and lightly bombarded with H* 
ions. Glass envelopes of Pyrex and Nonex are used. The 
counter gas is hydrogen at 2 to 6 cm pressure, purified by: 
passage through subliming magnesium and two cold traps, 
storage in a flask heavily lined with evaporated barium, 
and conduction to the counter through two cold traps and 
another barium flask. The counters have a narrower 











334 AMERICAN 


“voltage plateau” than ordinary counters used with the 
same coupling resistance. At room temperature, the spon- 
taneous rate, due to thermionic emission, is usually high. 
These tubes have thresholds (by filters) of about 8000A, 
and have sensitivities greatly exceeding those of any other 
photoelectric counters that the writer has produced. One 
type has a cathode that can be cooled with CO, ice or 
liquid air without refrigerating the entire tube. Work done 
so far shows that it is entirely feasible to use photoelectric 
surfaces with low work-functions in counters. The quantum 
efficiencies of the surfaces have not been determined, and 
can certainly be improved. Some stellar photometric 
measurements made with one of these tubes, by Dr. O. 
Mohler, of the Cook Observatory, indicate that the over-all 
sensitivity of the tube (used as a counter) is of the order of 
that of a good photo-cell and pliotron arrangement. The 
oldest caesium counters retained were made in June and in 
Sept. 1937. 


* Read by title. 


59. A New Geiger Counter. T. G. How anp K. Lark- 
Horovitz,! Purdue University—Following the suggestion 
of Geiger of the possibility to use an inverted counter: 
tube inside, wire outside, different forms of counters have 
been investigated which allow the direct introduction of the 
sample into the counter. The final form adopted consists of 
three wires inside the cathode cylinder held at the usual 
potential difference in respect to the cylinder. Argon-air 
mixtures of pressure from 4 cm to 8 cm are being used. 
The sensitivity of the counter is comparable with that of 
an ordinary counter. The couiters have been tested using 
potassium and rubidium salt crystals.” 


1I am indebted to the American Academy of Arts and Sciences for 


funds supporting this work. 
2 The counters will be exhibited in operation at the Science exhibit 


of the A. A. A. S. during the meeting. 


60. Effects of Fringing Flux in Large Magnets. J. D. 
Howe AND I. WALERSTEIN, Purdue University.—The mag- 
net constructed for the Purdue cyclotron has tapered pole 
pieces shaped according to an equation suggested by Bethe 
to reduce the fringing flux in the space outside the pole gap. 
In this design the flux density at the pole face is the same 
as it is near the yoke, and the product of its value and the 
maximum radius of curvature of the accelerated particles is 
about 15 percent higher than it would be for cylindrical 
pole pieces. To minimize the loss due to fringing flux the 
energizing coils are placed some distance from the yoke. 
The ampere interaction of the current in the coils with the 
fringing flux is found to produce a force causing a repulsion 
of the coils away from the air gap. Complete mapping of 
the magnetic field in the neighborhood of the pole pieces 
shows that for an energizing current of 160 amperes in 
each coil the field in the air gap between the pole pieces 
is 16,050 gauss, and the horizontal component of the field 
in the neighborhood of the coils has an average value of 
750 gauss. The resulting force tending to “float’’ the upper 
coil is 3.4 tons. 


61. High Frequency Systems for the Cyclotron, J. R. 
DUNNING AND H. L. ANDERSON, Columbia University.— 


PHYSICAL 


SOCIETY 


Improved methods have been developed for feeding high 
frequency energy to the accelerating electrodes of the cyclo- 
tron (or any electrodes having appreciable capacitance). 
By using, in place of the usual coil, a short-circuited section 
of a transmission line having approximately equal inductive 
reactance, the resonant circuit thus formed with the elec- 
trode capacitance may be made to have a much higher Q 
value than has been hitherto attained. Both parallel wire 
and concentric lines may be used, but in general any method 
employing parallel wire lines may be improved electrically 
and mechanically by using concentric lines. In the concen- 
tric line system adopted here the advantages are: (1) much 
higher accelerating voltages; (2) higher efficiency; (3) 
higher frequencies; (4) shielding; (5) elimination of insula- 
tors; (6) energy fed into the system at low potential; (7) 
ease of adjustment; (8) water lines introduced at ground 
potential. Power from the oscillator is fed capacitatively 
to a nonresonant low impedance coaxial line which in turn 
feeds the resonant loaded quarter-wave line electrode sys- 
tem. The oscillator is frequency stabilized by a high Q con- 
centric line directly exciting the grids, and operates with an 
efficiency of about 50 percent at 20 mC. Virtually all of the 
power output is delivered to the electrodes. For the cyclo- 
tron this means a considerable increase in energy and in- 
tensity of the ion beam. 


62. Some Observations of Magnetic Viscosity in Iron. 
C. W. Heaps, Rice Institute—Measurements of magnetic 
viscosity in iron wires have been made, using a ballistic 
galvanometer and fine wires, so that effects due to eddy 
currents are negligible. When the current in the magnetiz- 
ing solenoid is cut off the flux in the iron specimen may 
continue to change appreciably for as long as a minute 
after the field is removed. By adjusting resistances and 
condensers the time required to remove the magnetizing 
field may be varied. It is found that the mode of decay 
of the magnetizing field influences very decidedly the 
magnitude of the viscosity. Under certain conditions of 
nonoscillatory decay magnetic viscosity will not appear 
at all. A cathode-ray oscillograph has been used in esti- 
mating rates of removal of the magnetic field and in detect- 
ing oscillations. Under certain conditions magnetic vis- 
cosity can be observed even though a reverse current is 
produced in the solenoid by an oscillation at break. 


63. A Few Related Experiments with Fast Neutrons. 
M. L. Poot, Ohio State University —The angular distribu- 
tion of the fast neutrons produced from the deuteron 
bombardment of lithium was measured by the radio- 
activity induced in a number of substances placed sym- 
metrically about the neutron source. The cyclotron at the 
University of Michigan was used to produce 6.3 Mev 
deuterons. The intensity variation of the radioactive 
samples of silver indicated a very distinct forward throw 
of the neutrons. A similar conclusion can be drawn from 
the radioactivity induced in Al, Sn, In, Pt and Au. With 
decreasing bombarding voltage of the incident deuterons 
on lithium, the change of intensities of the fast neutron 
reactions was compared with the change of the slow 
neutron reactions. The intensity of the radioactivity in 
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Ag (24.5 min.), Cu (10.0 min.) and Sc (4.0 hr.) decreased 
much more rapidly than did the activity in Dy (2.5 hr.), 
Cu (12.8 hr.) or Al (14.8 hr.). A number of elements were 
bombarded with deuterons for the purpose of finding 
other sources of fast neutrons. Cu, Sc, Ag and Al were used 
as detectors. Under fast neutron bombardment several 
nuclei were found to eject a proton, two neutrons and an 
alpha-particle. The branching ratios for these nuclei have 
been calculated from the observed intensities of the in- 
duced radioactivities. 


64. Preliminary Experiments with a Cosmic-Ray 
Telescope. W. H. PickerinG, California Institute of 
Technology—An attempt to discover astronomical in- 
fluences on the cosmic radiation is in progress. For this 
purpose a Geiger counter telescope having very large 


we 
ws 


counters has been mounted on a polar axis. The instrument 
is arranged so that, in addition to the usual right ascension 
and declination axes, the plane of the counters can be ro- 
tated around an axis lying in that plane, parallel to the 
direction in which the telescope is pointing. The counters 
are spaced so that the solid angle over which at least half 
the counter area is effective is about 5°X15°. With the 
counters oriented so that their axes were parallel to the 
Milky Way, observations have been taken at two declina- 
tions, +20° and —25°. A series of points spaced one hour 
apart in right ascension give the intensity of the radiation 
in two bands around the sky. The results to date indicate 
that if astronomical bodies in these regions affect the 
radiation, their effect must be very small, or else the earth's 
magnetic field so distorts the paths of the rays that it 
cannot be found at the earth’s surface. 
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